FE.C. JOURNAL 




















Volume 28, number 2 


196] 


COVER PICTURE 

One of the two new diesel-electric chain 
ferries now in operation between Devonport and 
Torpoint, on the A38 route to Cornwall 

The 250 h.p. propulsion and control equipments 

hese vessels were supplied by G.E.C 

Acknowledgement is due to the shipbuilders, 

John |. Thornycroft & Co. Ltd., for permission to 
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{ important addition to British research facilities 
he field of high-speed flight was made in 
rch 1961, when a new 4 ft by 3 ft supersonic 

innel was opened at the Royal Aircraft Establish- 

Bedford, by the Rt. Hon. Peter Thorneycroft, 
] , Minister of Aviation. The new tunnel comprises 
air compressors, coolers, a working-section leg and 
evacuation plant, arranged in a closed circuit. Air at 
temperature and density 1s cir- 
culated through the working-section leg into which 
models with associated test equipment are introduced 
to enable their behaviour to be studied under various 
conditions of air-flow. In its present form with a 
fixed throat gap and contour nozzle, the tunnel is 
capable of giving nominal air speeds corresponding 
to Mach number 4, though a flexible-plate nozzle now 
under construction will enable a speed range of 
between Mach 2:5 to 5 to be obtained. It is of interest 
to note that the 8 ft by 8 ft wind tunnel commissioned 
at Bedford a few years ago had a maximum rating of 
Mach 2°8 

Che complete working-section leg of the new tunnel, 
with all its associated servo-controls, was supplied by 
the G.E.C., the total value of the contract being over 
{1M. The working-section leg, which is illustrated 
opposite and shown in diagrammatic form in fig. 1, 1s 
over 154 ft long and comprises inlet and contraction 
nozzle, bridle structure, model support 
section, supersonic and subsonic diffusers and an 
outlet section In addition a calibration section 
for examining the air-flow pattern has been supplied; 
this unit is interchangeable with a model-support 
section in the line of the tunnel. 

One of the principal design requirements has been 
to provide maximum availability of the tunnel for 
testing work. Since the rigging of a model with its 
instrumentation may take a considerable time, it must 
be possible for this to be undertaken outside the tunnel 
circuit, while tests are proceeding on another model 
For this reason all the arrangements for the mounting, 
manipulation and instrumentation of models are 
incorporated in a number of separate and interchange- 
able model-support sections or trucks, which can be 
quickly disconnected and removed bodily from the air 
circuit to an adjacent rigging bay. 

Another important feature of the tunnel is that the 
whole of the working-section leg 1s anchored at one 
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point only, namely the model-viewing position, and 
both upstream and downstream of this point the 
various casings are mounted on wheels running on 
machined rails to allow easy opening of the tunnel for 
inspection and maintenance and to accommodate 
thermal expansion. In addition, provision is made for 
the model-support section, the two diffusers and the 
outlet section to be moved hydraulically some 11 ft 
downstream to allow visual examination of the model 
under test or the substitution of another model- 
support section. To enable this operation to be 
accomplished quickly, the appropriate flanges are 
fitted with hydraulically operated quick-release bolts 
of the interrupted-thread type which are actuated 
through two sequenced and interlocked control units 
An electrically driven transporter trolley is provided 
to move the model-support sections from the tunnel 
position to the rigging bay and back. 

The model under test can be viewed through win- 
dows in the side wall of the nozzle by means of a 
Schlieren system which is optically reflected back to 
the observation room. A television camera is also 
mounted in the Schlieren housing and is connected to 
a t.v. screen in the observation room. 


MECHANICAL CONSTRUCTION, 
INLET AND CONTRACTION SECTIONS 

A general view of the working-section leg from the 
inlet end is shown in fig. 2. The fabricated inlet casing 
is a pipe of progressively increasing diameter varying 
from 5 ft at the inlet to 9 ft at the settling chamber. 
The casing has a 90 bend at the inlet end, with built- 
in turning vanes at the corner, and the outlet end 
forms the outer housing over the settling chamber 
and screens which are carried on the contraction 
section Both end flanges are fitted with double 
toroidal seal rings with a dry air supply fed in between 
them. This ensures the exclusion of atmospheric air 
when operating under vacuum, and forms a pressure 
seal under working conditions. 

The settling chamber contains five stainless-steel 
wire mesh screen units supported in mild-steel shells 
which also serve as spacers. These units are bolted 
together to form a nest; silicone rubber pads between 
the jointing faces support the wire mesh and prevent 
fraying of the individual wires at the edges. This nest 
of screens protrudes from a flange on the contraction 
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WIND TUNNEL FOR HIGH SUPERSONIC SPEEDS 


fairing so as to be readily accessible for cleaning when 
the inlet section is moved upstream (fig. 3). 

The contraction section consists of an outer cylin- 
drical shell fitted with heavy stiffening rings and 
mounted on wheels to accommodate thermal expan- 
sion, together with an inner contraction fairing which 
transforms the cylindrical shape of the settling chamber 
to the rectangular 4 ft by 3 ft cross-section of the 
nozzle and ensures a streamlined air-flow. 


NOZZLE SECTION 

Io bring the tunnel into useful 
operation at the earliest possible 
time, a fixed-profile wooden nozzle 
operating at Mach 4 is being em- 
ployed at present. The tunnel has, 
however, been designed to accom- 
modate a variable-profile nozzle of 
the flexible plate type, and this unit, 
which is now being built, forms one 
of the most interesting aspects of the 
whole installation. 

The maximum inlet pressure will 
be about 12 atmospheres absolute 
and, to prevent liquefaction in the 
nozzle at the higher Mach numbers, 
the temperature of the air will be 
allowed to rise to 150° C. Under 
some operating conditions the pres- 
sure in the tunnel may be below 0-1 
atmospheric absolute. It was decided 
at an early stage that, with the high 
temperatures and high rates of 
change of temperature coupled with 
the degree of accuracy required for 
the nozzle control devices, it would 
be inadvisable to enclose these 
devices within a pressure shell. 

[his decision introduced the diffi- 
cult problem of providing a very 
efficient sliding seal between the 
fixed and moving walls of the nozzle. 
The double seal to be used for this 
purpose will be packed with dry air 
to prevent the ingress of moist 
atmospheric air into the circuit. This 
system of dry-air packing of all seals 
has been employed on all joints in 
casings, and on all entries for drive 
shafts, etc., which penetrate the 
pressure shell. 

Essentially the nozzle will comprise two fixed 
stainless iron side walls spaced 3 ft apart, with movable 
top and bottom walls of the same material. Each of the 
moving walls of the nozzle is carried by a pair of 
extremely stiff fabricated steel beams pivoted at the 
downstream end. At the upstream end each pair of 
beams carries a throat block of fixed contour which is 
driven upwards and downwards to vary the throat 
gap. The variable contour top and bottom walls of 
the divergent sections of the nozzle are formed by 
flexible plates each attached to one of the throat blocks 


at the upstream end and also to the supporting beams 
through 17 pairs of motor-operated ball screw jacks. 

The information required to control the position 
of the flexible plate at the jack stations through- 
out the range of Mach numbers is provided by 
cams mounted on a sliding table in the nozzle con- 
troller. This is a separate piece of equipment located 
in a nearby room. When the operator selects a Mach 
number the sliding table is made to traverse a distance 


Fig. 2.—General view of the working-section leg from the inlet end. 


corresponding to the Mach number chosen so that the 
cams operate a number of sensing heads, each head 
driving a magslip coincidence transmitter. A magslip 
transmitter, mounted on an unstressed, constant- 
temperature gauge beam is directly connected to the 
flexible plate at each jack attachment point. The 
difference between the settings of the two magslips 
results in an error signal being set up which controls 
the necessary power to each jack motor to drive it, and 
consequently the flexible plate, to the position cor- 
responding to coincidence of the two magslips. This 
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the end of the casing to line up with the viewing 
windows in the nozzle, and is carried in a quadrant 
which can be pitched about its centre to vary the 
attitude of model in the airstream within the limits of 
5 depression and 27 elevation. Provision is also made 
for the model to be rolled through 180 from a mean 
position irrespective of the position of the quadrant 

Both pitch and roll motions are provided by electric 
motors through load-limiting slipping clutches and 
reduction gearing, and are remotely controlled when 
the model-support section is in service. Portable con- 
trol cabinets are provided to control the pitch and roll 
motions when the model-support section is in the 
rigging bay 


CALIBRATION SECTION 

The calibration section (fig. 5) is similar in shape and 
dimensions to the model-support section with which 
it is interchangeable in the air circuit The main 
difference is that the moving quadrant and sting are 
replaced by a probe housing which has a 2 ft traverse 
across the airstream. Inside this housing are two 
hollow probe arms carrying a common probe head 
fitted with pitot tubes and yaw meters. The probe 
head is capable of being moved 3 ft upstream and 
downstream of the window centre line, so that a plot 
of the air-flow can be made in the vicinity of the model 


e screens which smooth the air-flow 


sectior of the tunnel 


system also compensates for temperature varia- 
tions in jack length, and permits small correc- 
tions to be fed in by follow-through magslips 
as required 
BRIDLE STRUCTURE 

When the flexible plate nozzle is installed, its 
downstream end will be fixed into a bridle 
structure which is the only part of the working- 
section leg anchored to the foundations. Since 
the tunnel at present is operating with a fixed 
nozzle there is no necessity for the bridle 
structure, a temporary anchoring point having 
been made for the fixed nozzle. When the 
bridle structure is installed it will house the 
high- and low-temperature viewing windows, 
each with specialized illumination for use in 
conjunction with a remotely controlled tele- 
vision camera. The two windows on each side 
of the structure will be interchanged hydraulic 
ally. With the fixed nozzle only low-tempera- 
ture viewing windows are required and use is 
made of the Schlieren viewing equipment 
already installed 


MODEL-SUPPORT SECTION 
Each model-support section (fig. 4 

structure on which the model to be tested can 

be mounted and manceuvred in the airstream, 

and consists of four fabricated sections bolted 

together to form a rectangular shell with a 

polished, stainless steel, airswept surface. The 

model is mounted on a sting protruding from —Model-support s 
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leakage across the throat, and are supported from the 
lower plate of the outer shell on a system of spring- 
loaded rollers. 

Each moving panel system is operated by an electric 
motor, mounted on the side wall of the outer shell, and 
driving through suitable gearing a recirculating ball 
screw, which is attached to the back of the moving 
panels by links and guides. The thrust in either 
direction, generated by the airstream under working 
or emergency conditions, is carried by heavy thrust 
bearings mounted on the outer end of the recirculating 
ball screw shaft 

Two 22 in. diameter relief valves of the lightest 
possible weight, are mounted upstream of the throat 
on the top plate of the outer shell. These are designed 
to lift rapidly at atmospheric pressure and discharge 
through ducting which passes down each side of the 
diffuser casing, and thence through a channel in the 
foundations to atmosphere outside the building 

[he complete diffuser 1s carried on a wheel 
mounted undercarriage running on rails, and is 
aligned by guide shoes working on a massive guide 
rail. ‘This undercarriage carries the hydraulic power 
unit for moving the entire downstream section of the 
tunnel 








SUBSONIC DIFFUSER SECTION 


The subsonic diffuser transforms the rectangular 
cross-section of the supersonic diffuser to a circular 
shape to match the outlet casing. It comprises a 


fabricated casing with longitudinal and transverse 

= stiffeners, and at the downstream end is fitted with a 

bration section, showing probe head with pitot tubes catchnet to arrest any broken model which would 
and yaw meters otherwise be carried into the compressors. rhe 


SUPERSONIC DIFFUSER 

SECTION 

To obtain maximum opera- 
tional efficiency of the tunnel, 
the speed of the air emerging 
from the nozzle is reduced, 
first by the supersonic dif- 
fuser and then by the sub- 
sonic diffuser, before being 
recirculated through the tun- 
nel via the compressors. The 
supersonic diffuser (fig. 6 
consists of a pressure shell of 
rectangular section, with top 
and bottom fixed plates 
which form part of the air- 
swept surface. Two systems 
of moving panels, hinged 
together and anchored at the 
upstream end, are carried on 
the sides of the shell to form 
a second throat. These 
moving panels and hinges 
carry p.t.f.e. - impregnated 
bronze seals along the top and 


bottom edges to prevent esate dilimes tobtien 
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catchnet is formed from steel wire rope woven into a 
net of 2 in. mesh, and 1s fitted with spring tensioning 
levices to absorb the impact of moving objects 


OUTLET SECTION 

Ihe outlet section consists of a pipe 7 ft in dia- 
meter and fabricated into a U shape by means of two 
90 bends each fitted with built-in turning vanes 
[he upstream end is increased in diameter to form a 
housing over the first catchnet, while the downstream 
end terminates at an outlet casing flange fitted with 
quick-release bolts to allow the tunnel to be broken at 
this point 

The outlet section is mounted on three wheels 
attached to feet on the underside of the casing, and 
alignment is maintained by guide rollers which run on 
a floor-mounted rail on the centre-line of the tunnel 
This section also includes the mating flange and tail- 
pipe which is welded to the return pipe to the compres- 
sors Ihe return pipe houses a second catchnet, 
similar in design to the first, and also incorporates an 
alignment device to ensure correct positioning of the 
mating flanges when bolting-up the tunnel 


ELECTRICAL CONTROL SYSTEM. 
THE NOZZLE SERVOS 

As previously mentioned, the desired air speed is 
produced by causing the air to pass through an aero- 
dynamically shaped nozzle formed by flexible curved 
top and bottom plates suspended between fixed parallel 
side walls. The gap at the throat varies from 17 in. for 
a speed of Mach 2:5, down to 1-6 in. for Mach 5. The 
screw jacks which enable the flexible plates to be set 
precisely to the correct contour are servo-controlled, 
and it will be appreciated that the jacks must move in 
a co-ordinated manner to avoid any possibility of 
excessive local curvature and consequent undue stress 


JOURNAL 


in the plate. These co-ordinated movements are 
controlled by a specially developed machine, the 
nozzle controller. This consists of a heavy cast base 
carrying a table which can run lengthways on rollers 
Bolted to the table are six rows of individually shaped 
cams, four rows having six cams each and two rows 
having seven cams each, arranged parallel with the 
direction of movement of the table (fig. 7). 

Heavy portal frames, bolted and dowelled to the 
machine base, carry a corresponding array of cam- 
gauges. Each gauge incorporates a cam follower, 
moving vertically in recirculating-ball slides; the 
follower movement is transmitted by a high-precision 
rack and gear train to the rotor of a magslip coinci- 
dence transmitter mounted at the top of the cam gauge 
Each magslip is the input element of a servo system 
controlling one pair of jacks; its rotation is compared 
with that of a second magslip connected through 
another precision rack and gear train to the back of the 
plate to which the pair of jacks is attached. By cutting 
the cam profiles to the correct shapes a movement of 
the table will cause all the jacks to move in the required 
relationship to one another. 

The jacks must position the flexible plates to an 
accuracy of about 0-001 in. at any part of the 2 in 
maximum range of travel; the maximum electrical 
error of any single jacking servo-system itself ts less 
than half of this, i.e. the system will correct any 
misalignment between the cam gauge magslip and jack 
magslip exceeding the equivalent of about 0-0005 in. 
The remaining inaccuracies are due to the various 
mechanical components, such as gear errors in the 
cam gauge. One possible source of error, backlash in 
the gear trains driving the magslips, has been elimin- 
ated by the use of torque motors. These are small, 
two-phase a.c. induction motors, designed to give 
maximum torque at standstill. They are geared to the 

magslip rotors and energized so that 
torque is constantly transmitted 
through the gear train to the rack 
pinion and, in the case of the cam- 
gauges, presses the cam follower 
against the cam. 

With this method of simultan- 
eously controlling all the plate jacks, 
the distance of the cam followers from 
one end of the 8 in. long cams is 
directly related to the Mach number 
for which the nozzle is set. This dis- 
tance, which is the distance moved by 
the table from a datum position, has by 
design been made equal to the move- 
ment of the throat blocks, i.e. to half 
the throat opening. The servos which 
set the position of the throat blocks 
are controlled from magslips geared 
directly to the recirculating-ball lead- 
screw which moves the table. This 
leadscrew is also servo-controlled by 
the tunnel operator; the controlling 
magslips for this servo are contained in 
a preselector. This is a device which 





WIND TUNNEL FOR HIGH SUPERSONIC 


enables the operator to select in 
advance the throat opening cor- 
responding to the Mach number at 
which he wants the tunnel to operate 

Ihe preselector is basically a gear- 
box of which the front face is a dial 
showing the distance of the throat 
blocks from the tunnel centre line 
Ihe pointers are geared to the mag- 
slips and to a small d.c. motor which 
is controlled directly from a knob on 
the panel just below the preselector 
Ihe operator can drive the pre- 
selector in either direction at any one 
of three speeds, enabling the pre- 
selector to be driven at high speed to 
near the required setting, slowed, and 
then moved at a crawl to precisely the 
required figure 

Having set up the required 
throat gap, the operator will then 
energize the servo systems, which will 
cause the throat blocks and plate jacks 
to re-shape the nozzle, at a rate which 
the operator has also preset, until the 
new airspeed is attained. 





so 


Fig. 8 


SUPERVISORY INSTRUMENTATION 

In order to provide a check on the operation of the 
servos controlled by the preselector, the operator has a 
mimic indicator giving a pictorial representation of the 


throat opening. This indication is provided very simply 
by two swinging bars, curved to represent the throat, 
which are each geared to a magslip of a type designed 


to produce torque. These magslips are energized by 
two other magslips geared directly to the respective 
throat blocks 

A digitizer system is also provided, and this gives a 
direct reading of the distances of the throat blocks 
from the tunnel centre line on two four-digit indicators 
housed in the mimic indicator casing. The digitizer 
heads are also directly geared to the throat blocks, 
being in the same gearboxes as the control magslips, 
with torque motors to eliminate backlash as in the case 
of the plate jacks. The digitizer heads each consist of 
four synchro-transmitters geared together (one synchro 
for each decimal digit to be displayed); the output 
voltages from these are suitably transformed and 
mixed and made to control bi-stable transistor cir- 
cuits. These in turn control decoding relays which 
switch d.c. voltages to drive the M-type motors (12- 
position stepping motors) in the four-digit indicators; 
the numerals are displayed on the circumference of 
light cylindrical drums attached to the motor shafts. 
Further contacts of the decoding relays are used for the 
data recording system provided for the tunnel. A 
complete description of the digitizer system (which 
was specially developed for this application given 
elsewhere.* 

A direct indication of the performance of all the 
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desk, showing the mimic indicators, preselectors and other controls for 


supersonic-diffuser and model-attitude servo systems 


servos 1s given by an error indicator connected to each 
servo amplifier; these indicators are mounted on the 
control desk. ‘The indication consists of a horizontal 
black bar silhouetted against an illuminated rectangle; 
each indicator is controlled directly by the signal 
representing the difference in position between the 
control magslips of the associated servo. Thus when 
all the servos come to rest accurately in the desired 
position, the bars of all the indicators lie in the centre 
of the window; a failure of any servo to align itself 
properly would be shown by a displacement upwards 
or downwards of the bar. 

THE SUPERSONIC DIFFUSER AND MODEL ATTITUDE SERVOS 

The jacks which operate the moving panel system of 
the supersonic diffuser are servo-controlled; the dis- 
tance of the common hinge from the tunnel centre line 
may be varied from 8 in. to 17 in. and must be set to an 
accuracy of 0-02 in. Since the required hinge 
distance is related to the Mach number, the super- 
sonic diffuser jack servos are also controlled from the 
nozzle controller, by means of two cams and cam- 
gauges. A further facility has been provided for the 
supersonic diffuser servos; control of them can be 
switched from the nozzle controller to a second pre- 
selector on the control desk, bringing them under 
direct control of the operator. 

Two other important servos are those controlling 
the attitude of the model. The sting can rotate through 
360 to roll the model, and this movement is con- 
trolled to give an accuracy of +-0°] The quadrant 
can move vertically in an arc of a circle with its centre 
at the centre of the model, thus inclining the model to 
the airstream, and this movement is controlled to give 
an accuracy of - 0-05. Both these movements are set 
by preselectors on the control desk. 
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The supersonic and model attitude movements are 


displayed to the operator by mimic indicators and 
digitizers in the same way as the throat block move- 
ments 


DETAILS OF THE SERVO SYSTEMS 

These servos and their inter-relationships may be 
represented by a block diagram (fig. 9). They are all 
basically the same, the differences which occur being 
due to the different sizes of the driving motors and the 


special requirements for some servos, such as preset 


speed control. Each servo consists of magslips control- 
a d.c. generator through an amplifier; the genera 

tor in turn feeds a d.c. motor. Three sizes of motor are 
servo-controlled; the flexible plate jacks and nozzle 
controller and corrector are driven by } h.p. motors, 
the pitch and roll movements of the model by | h.p 
motors, and the supersonic diffuser and throat blocks 
by 6 h.p. motors. These are all reversible d.c. motors, 
110 volts, and with class H 

leveloped in the tunnel, 


operation, will be 


rately excited at 
under 
conditions of conducted 
igh the structure to the motors 
considering the servos in greater detail, 
onvenient to describe the supersonic-diffuser ser 
As mentioned 
the diffuser may be set automatically t 


system as a typical example (fig. 10 
i 


" 
Carer, 


orre- 


spond to any given Mach number, or it may be con- 


trolled directly by the tunnel operator using the 


diffuser preselector. The selected setting for the walls 
is shown by two pointers. The small inner pointer 
shows inches and tenths, and the outer pointer, 
making one revolution for each tenth of an inch, 
indicates hundredths of an inch to a high degree of 
resolution. The range of servo-controlled movement 
of each wall is from 8 in. to 17 in. and the combination 
of this range and required setting accuracy makes the 
use of coarse and fine magslips essential. The two 
transmitter magslips in the preselector are geared in a 


(the corrector has 


10: 1 ratio so that one makes 4-5 revolutions for the 
full range of pointer movement and the other makes 
0-45 of a revolution. These magslips are connected to 
corresponding pairs of magslips, two for each wall and 
geared in the same ratios, which are rotated by the 
movement of the diffuser walls, through precision, 
minimum-backlash gearing driven by racks mounted 
on ball-slides. Thus the magslips form coarse and fine 
error signal chains for both walls and use common 
transmitters. Alternatively, to control the diffuser 
from the nozzle controller the magslips linked to the 
walls are connected by a multi-pole changeover 
switch to the cam-gauge magslips; the two gauges 
which may be seen on the mght of the controller in 


fig. 7) each have a coarse and a fine transmitter mag- 
th 


slip suitably geared, so that in this case there are 
separate pairs of coarse and fine chains for the two 
walls (see also fig. 10 


r 
I 


As usual for magslip systems, the angular settings of 
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the magslips are such that when the walls are at the 
dimension set on the preselector or correspond to the 
height of the cams, as the case may be, the output 
voltage from all four chains is zero. When the pre- 


selector or nozzle controller is moved, a signal voltage 
is generated in the chains which is proportional to the 
angle through which the preselector or cam gauge 
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magslip rotors are turned. The signals from the magslip 
chains for each wall are fed to an amplifier; if the pre- 
selector or cam-gauge movement corresponds to less 
than about 100 rotation of the fine magslip, then the 
error signal from the fine chain controls the amplifier, 
but if the movement is greater than this, then a relay 
transfers the control to the coarse chain, until the 
misalignment has been reduced to 100° or less. 

The amplifier is double-sided; each side controls a 
field winding of a 5-5 kW d.c. generator. With no 
input signal to the amplifier, each field winding has a 
current of 0-75 A flowing in it, producing magnetic 
fields in opposition, so that no voltage is generated. 


When an error signal is fed to the amplifier the current 
increases in one field winding and decreases in the 
other, producing a net flux which is nearly proportional 
to the magnitude of the signal up to the saturation level 
of 15° angular misalignment of the magslip chain. 
The direction of the resultant flux depends on whether 
the error signal is in phase or anti-phase with the 
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The supersonic-diffuser servo syster 


supply to the magslip transmitter; this supply is 
derived from a transformer on the amplifier chassis. 
For zero error signal, the two sides of the amplifier are 
maintained at half their maximum output by biasing 
voltages derived from the same transformer; the error 
signal voltage is added to one bias and subtracted from 
the other, according to its relative phase. The resultant 
signals are rectified and amplified to excite the genera- 
tor fields, as described above. The relationship 
between generator field currents and magslip angle for 
steady state conditions is shown in fig. 11: generator 
voltage magnitude is also indicated. 

The plate jack servos are the simplest; they use only 
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one magslip chain, and the servo amplifiers feed the 
fields of 0-28 kW generators. In their normal mode of 
working the plate contour is determined by the cams 
and any small modifications to the contour, which may 
be needed for different air pressures, etc., would mean 
cutting new cams. This has been overcome by pro- 
viding a follow-through magslip to be connected 
between the transmitter magslip geared to the jack and 
the coincidence transmitter magslip on the cam 
gauge. These follow-through magslips are operated by 
a second set of cam-gauges, mounted on a machine 
known as the corrector, which is rather like the nozzle 
ontroller, and serves to provide a co-ordinated set of 
corrections for modifying the plate profile to match 
different tunnel operating conditions The cams on 
the movable table of the corrector consist of inclined 
bars which are hinged at one end so that their slopes 
may be set to predetermined angles. With the cor- 
rector table at one extreme of its travel, the im 
followers are in line with the hinges of the bars, and 
the follow-through magslips are in their datum, or 
zero, positions; they can then be switched into or out 
of circuit as required. When corrections are required 
the bars are set to the required slopes, the magslips 
switched into circuit and the corrector table moved to 
the other end of its travel. In this way all the correc- 
tions are set in simultaneously and smoothly; their 
magnitudes are shown on a set of dial indicators on a 
panel in the observation room 

[The model pitching and rolling servos, like the 
diffuser, have coarse and fine magslip chains, but use 
1-1 kW generators. An additional feature of these 
two servos is the requirement for steady traverse under 


Fig. Il Servo amplifier characteristic 


precise speed control, calling for a continuous range of 
preset speed from the full speed of 1 sec. of pitching, 
or 2°5 sec. of rolling, down to one-tenth of these 
speeds. In addition, these servos should preferably be 
dead-beat ’, unlike those already mentioned where a 
limited transient overshoot on initial alignment is 
permissible 

In the case of the throat and nozzle controller servos, 
the high accuracy combined with the range of move- 
ment makes the use of three magslip chains necessary, 

e magslips being geared in the ratios 100: 10: | 
Ihe coarse chain magslips make 0-4 of a revolution for 
the full 8 in. travel of each throat block and the con- 
troller table. The throat block servos also are not 
required to be dead-beat, but the nozzle controller 
servo is; the latter is speed controlled in a similar 
manner to the model attitude servos (full speed is 
4in. min) and the acceleration and retardation of the 
table are limited to permit the jack servos to respond 
without excessive following errors 


THE SERVO AMPLIFIERS 
The amplifiers are of some interest in that tran- 
sistors are used throughout, together with a number of 
semiconductor diodes. The d.c. amplification is pro- 
vided by three or four emitter-coupled stages (accord- 
ing to the servo), the careful design of which has 
resulted in a performance which is independent of 
variations in transistor characteristics within normal 
production tolerances, and which is also very little 
affected by any change of ambient temperature in the 
room where the equipment has been installed. The 
basic amplifier is that used for all the plate jack servos, 
with three stages of d.c. amplification 
on each side, using a supply of 24 volts. 
Each of the other servos uses this basic 
amplifier coupled to a ‘ modifying 
unit’ which is individual to the parti- 
cular servo. This unit contains all the 
other special circuits needed, such as 
the coarse fine magslip chain switching, 
speed control and special feedback 
circuits In the case of the model 
attitude, supersonic diffuser and throat 
block servos, the modifying unit also 
contains the fourth d.c. amplifying 
stages necessary for the fields of the 
bigger generators. This stage is sup- 
plied at 35 to 60 volts (depending on 
the servo), and uses two power tran- 
sistors working in parallel to feed each 
field; each of these transistors with its 
special mounting arrangement is cap- 
able of dissipating 11 watts at maximum 
room temperature. The maximum 
power fed into a 5-5 kW generator field 
by a pair of these transistors is 50 watts. 


SERVO STABILITY 

In any servo system the question of 
stability is an important consideration. 
A major factor in the stability or other- 
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wise of a system is the inertia of the load (including the 
drive). In the case of all the servos described in this 
article, the very large reduction ratios in the drive gearing 
make the inertia of the load negligible compared to that 
of the motor itself. A transient velocity feedback is used 
for some servos (e.g. the plate jacks and diffuser): it is 
derived from the output voltage of the generator: that 
is, a feedback current is fed to the amplifier only when 
the generator voltage is varying. 

As already mentioned, the supersonic diffuser walls 
are required to be positioned to an accuracy of + 0-02 
in. in a travel of 9 in. so that in order to allow for manu- 
facturing tolerances the servos are designed to produce 
the required output torque for an error of 0-005 in.; 
this result has been achieved without difficulty. The 
throat block servos, though similar to the diffuser 
servos, are required to have an accuracy some ten 
times better, with a correspondingly greater problem 
in achieving stability. The feedbacks required are 
stronger and more complex, since degradation of the 
performance in any way must be avoided; they are 
derived from tachometer generators geared to the 
driving motors. The nozzle controller and pitching and 
rolling movement servos also use tachometer genera- 
tors, principally in their case because of the speed 
control requirement. 


THE MoToR-GENERATOR SETS 

Ihe generators are housed in a room provided for 
the purpose at one side of the wind tunnel building. 
Since the various servos fall readily into pairs, the 
corresponding pairs of generators have a common 
driving motor. The two pairs of 5-5 kW generators for 
the supersonic diffuser and throat block servos are 
driven by 18 h.p. 3-phase induction motors. A third set 
of identical design has been provided as a standby 


which may be quickly connected into circuit in place of 


either of the other sets by changeover links. The two 
1-1 kW generators of the pitch and roll servos are driven 
by a 3°5 h.p. induction motor; a second similar set 
provides power for the movement of an airstream cali- 
bration probe, which can be inserted into the tunnel in 
place of the model-support section; and, as with the 
bigger sets, a third set forms a standby for either. A 
fourth set is installed for use with a model-support 
section in the rigging bay, to which it can be connected 
via a jumper from sockets on junction boxes in the 
rigging bay. The pairs of plate jack generators are 
driven by | h.p. motors; these are laid out in a row 
below the control platform. 

The special supplies, of 230 V, 400 c's single-phase 
used by the servo amplifiers and digitizers, and 110 V 
d.c. used for the motor fields and a considerable part 
of the control and interlocking circuits, are produced 
from motor-generator sets sited alongside the servo 
generators. The 400 c's supply is provided by a 


30 kVA alternator driven by a 27 h.p. induction 


motor and is controlled by an automatic voltage 
regulator which holds the voltage to 25 for 
variations of from one-quarter to three-quarters of full 
load. A 12:5 kW generator driven by a 20 h.p. induc- 
tion motor provides the 110 V d.c. supply. Both these 
sets also have duplicate stand-by sets, with link boards 
to facilitate the changeover of connexions. 


INTERLOCKING AND PROTECTION 

All the motor-generator sets are started direct-to 
line through contactors, with the usual h.r.c. fuse and 
overload cut-out protection; electrical interlocks pre- 
vent any set being started on load and ensure starting 
operations being carried out in their correct sequence 
As the first step, the amplifiers are connected to the 
100 cs supply, but the connexion is not completed 
unless cooling fans installed in the amplifier cubicles 
are running. Relay circuits in each amplifier detect 
any absence of internally derived supplies (and also 
whether or not the connexions to the amplifier are 
properly plugged in). The fields of the servo motors 
are then switched on; each motor has a field failure 
relay, the ‘ make’ contacts on all such relays being 
connected in series. Satisfactory operation of the 
appropriate field failure relays energizes the con- 
tactors controlling the motors of the m.g. sets (the 
generator armature circuits are open). At this stage 
certain fault detection circuits, which ‘ lock’ to the 
fault condition after occurrence of a fault or inter- 
ruption of supply, must be reset. These include plug 
interlock circuits which check that all servo components 
such as magslips are properly plugged in, and limit 
switch circuits which ensure that no servo-driven 
member can attempt to overrun its mechanical limits. 
Only when all the related fault circuits have been 
cleared, the amplifiers concerned are giving a clear 
indication, and the m.g. set for the servo is running, can 
the servo finally be energized by closing the common 
armature circuit of the generator and motor. Here also 
protection is provided by an overload trip with con- 
tacts in the armature-loop contactor circuit. 

The relays and contactors which carry out the 
switching and interlocking are housed in cubicles on 
the control platform in the motor-generator room; 
signal lamps on one of the cubicle front panels show 
the state of all the fault circuits and m.g. set motor 
contactors, so that the state of circuit excitation can be 
seen at a glance and any fault quickly located. 
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First 400 kV Oil-filled Cable in 


Great Britain 


In anticipation of the need for oil-filled cables suitable for the transmission of power at 
400 kV, Ptrelli-General has designed and submitted for type approval a complete cabl. 


system for operation at this voltage 


Details of this cable, together with a description of th 


new laboratory which has been built to provide the appropriate testing facilities, are given 


in this article 


HE need for transmission of increasing quantities 
T of electrical power has resulted in a steady in- 
crease in the operating voltage of transmission 
lines throughout the world. This upward trend has so 
far reached higher values of voltage abroad than in this 
country but the recent proposal by the Central Elec- 
tricity Generating Board to up-rate existing 275 kV 
lines to 400 kV will bring Great Britain into the fore- 
front of progress in this field 
In anticipation of the need for cables at this voltage 
level, Pirelli-General has designed and submitted for 
type approval a complete cable system for operation at 
400 kV. The cable is of the low-pressure oil-filled 
type and is designed on the same basis as the oil-filled 
cable system for lower voltages which has proved its 
complete reliability in service over many years 
A complete range of accessories is available for use 
with the 400 kV cable and these consist of an outdoor 
sealing end, an oil-immersed sealing end whereby the 
cable can be terminated in the entry chamber of a 
transformer, a straight-through joint and a stop joint 
Ihe cable has an overall diameter of 4:10 in. and is 
of the single-conductor hollow-core type (fig. | A 
3-phase circuit comprising three cables laid side-by- 
side in the ground with a spacing of 12 in. centres 
would have a continuous power transmission capacity 
of 528 MVA to 675 MVA over the normal range of soil 
thermal resistivity. ‘This is equivalent to the entire 
output of a large modern generating station 
The dimensions of the cable are shown in Table | 
and the technical details are outlined below 
Conductor cross section 0-9 in 
Maximum stress at working voltage 
nominal 
Insulation thickness (minimum 
Impulse voltage withstand level 
Maximum continuous conductor 
temperature 85° ¢ 
Capacitance per 1000 yards 0-188 uF 
Charging current per 1000 yards 13-6 A 
Iypical current rating for three cables laid side-by- 
side with 12 in. centres at a depth of 3 ft 6 in 
In soil of g- 120 C watt cm 760 A 
In soil of g- 60 C watt cm 975 A 
The type test series followed the pattern already 
established for cables up to 275 kV; the tests carried 
out were 


160 kV cm 
0-90 In 
1400 kV 


Power-factor voltage test at ambient tempera- 
ture up to twice the working voltage 
Bending test, followed by a voltage test for 15 
minutes at 425 kV 
Measurement of thermal resistivity 
Mechanical test on sheath reinforcement; 
days at 150 Ib in 
Loading cycle test, 20 daily cycles to 90 ( 
100° C conductor temperature, with 308 kV 
applied continuously. 
6) Thermal stability test, 6 hours at 95 C and 
308 kV 
7) Impulse withstand test. 
Tests 5, 6 and 7 were carried out on the same 
assembly, which included the full range of accessories 
The impulse withstand test 
which concluded the series was 
carried out in the presence of a 
large gathering of engineers 
representing the Central Elec- 
tricity Generating Board, Area 
Boards and the major Con- 
sultants, in the new High 
Voltage Laboratory of the 
Engineering Department at 
Eastleigh (fig. 2 
Testing commenced at 1400 
kV, the declared withstand 
level, and after the application 
of 10 negative and 10 positive 
impulses at this level the 
voltage was raised in 50 kV 
steps to 1600 kV, with 10 
negative and 10 positive im- 
pulses at each level. The test 
was concluded at 1600 kV 
without breakdown of the 
assembly 


TESTING FACILITIES. 

The laboratory in which 
these tests were carried out 
was built to provide improved 
facilities for the development 
and type-testing of new designs 
of high-voltage cable and acces- 
sories, thus enabling Pirelli- 


—400 kV 0.90 
single-core oil 
filled cable 
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TABLE | 


Oil duct 
Steel spiral 
Conductor 
Conductor screen c.b. paper 
Insulation w.p. paper 
Insulation screen c.b. paper interlocked 
with perforated metallized paper 
Lead alloy sheath 
Impregnated cloth tape 
51x plain ypper wires 
applied 
Impregnated cloth tape 
Iwo h.d. tin-bronze t 
)-006 in. in parallel 89-89 


104-27 


General to maintain the rate of technical progress so 
important in the highly competitive conditions existing 
in the cable industry today. This work has become 
increasingly important in recent years as improved 
materials and manufacturing methods have enabled 
cables to be designed for higher stresses and operating 
voltages than ever before. 

The new laboratory utilizes 
the test equipment already 
available, with some addi- 
tions, but affords greatly in- 
creased space and improved 
working conditions. For 
work of the kind envisaged, 
floor space is one of the most 
important requirements. An 
experiment, for example, on 
a new design of 132 kV 3-core 
straight joint, requires the 
erection not only of the joint 
itself but also of six sealing 
ends and two splitter boxes, 
requiring an area of at least 
1500 ft If the test in 
question is a type test on a 
new design of cable, it is 
usually necessary to include 
in the test assembly each 
type of accessory intended 
for use with the new cable, 
and the floor space required 
becomes even greater. More- 
over, such tests may continue 
for weeks or months, and in 
some cases as much as twelve 
months, before approval of 
the new design is given. If 
work is to continue on a 
number of projects simultaneously, the importance of 
adequate floor space becomes evident 

A second important requirement is adequate height 
In order to test cable systems for the highest voltages 
in use today, impulse voltages of 1-6-1-:7 million volts 
are required, and even higher voltages may be needed 
in the future. The impulse generator itself is 26 ft 


high and the roof of the building must be of such a 
height that an adequate clearance 1s available between 
the top of the generator and the roof. 

The new laboratory building meets these require- 
ments with a floor area of 13 500 ft*, and the height to 
the apex of the roof of the main test bay is 60 ft. This 
not only allows adequate clearance at present but pro- 
vides for the addition of a further stage to the impulse 
generator. The building is divided into two bays, the 
larger of which is 125 ft. long by 70 ft wide. This bay 
is used for the highest voltage testing and is of portal 
frame construction, thus eliminating roof trusses. The 
height to the apex of the roof is 60 ft and the height to 
the eaves 57 ft. The smaller bay is 70 ft by 65 ft and 
has a pitched roof with a height of 32 ft to the eaves 
Both bays are steel framed with aluminium sheeting and 
an insulating lining. The floor is of red quarry tiles in 
order to avoid the dust inevitable with a concrete floor 

Lifting facilities in the larger bay are provided by a 
2 ton crane with a maximum height from hook to 
ground level of 48 ft and capable of passing over the 
highest test equipment in the laboratory. The smaller 
bay is equipped with a | ton crane with a maximum 
height of 27 ft to the hook. 
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Fig. 2.—400 kV cable assembly undergoing tests 


All the major items of test equipment are controlled 
from a central control room (fig. 4), situated between 
the two bays at a height of 8 ft above the laboratory 
floor. The control room is fitted with plate glass win- 
dows extending practically to floor level and sloping out- 
wards from the floor, so that an almost uninterrupted 
view of the whole of the laboratory can be obtained. 
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The building is lighted by windows placed high in 
the wall around three sides of the main bay and by 
north-facing roof windows in the smaller bay. Arti- 
ficial lighting is provided by eight 400 watt mercury- 
vapour lamps placed on the walls of the main bay just 
below the window level, and by eight smaller lamps 
suspended from the roof of the smaller bay. The 
decision to place the lamps on the wall of the high test 


bay was taken in order to simplify replacement of 


lamps, which would become a major problem for 
equipment on the roof 60 ft from floor level. Both 


means of a resistance-capacitance voltage divider and 
transient recorder, with facilities for visual examina- 
uon and photographic recording of wave shape 
High-voltage a.c. testing in the large test bay is 
carried out by the use of two 500 kVA 333 kV trans- 
formers, one of which is insulated from earth for 
333 kV. A maximum output voltage of 666 kV can 
therefore be obtained by means of a cascade con- 
nexion. These transformers are also used for power- 
factor tests by the Schering bridge method using a 
standard capacitor of the compressed-gas type of 100 
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Fig. 3.—Main bay of the high-voltage laboratory. 


bays are heated by a unit type, oil-fired warm air 
heater with a capacity of 14 million B.t.u.’s per 
hour. 

The most important items of test equipment for 
cable testing and development work are the impulse 
generator and high-voltage alternating-current testing 
transformer; each bay of the new laboratory is equipped 
with both of these items. The larger bay contains an 


impulse generator with an open-circuit surge voltage of 


2:4 million volts and a surge energy of 57 kilowatt 
seconds This generator is of somewhat unusual 
design in that all the capacitors are contained in a 
central column of bakelized paper, and is of compara- 
tively small size in relation to its output. The well- 
known Marx circuit is employed having twelve stages 
charged to a maximum direct voltage of 200 kV from 
a mechanical rectifier. The generator is on rails and is 
movable to four alternative operating positions, thus 
allowing the maximum flexibility in the layout of test 
assemblies. The impulse voltage wave is monitored by 


picofarads capacitance and suitable for use up to 
500 kV. 

Voltage measurement in this bay is by means of a 
1-5 metre diameter sphere gap. The upper sphere is 
suspended from the roof and can be lowered by a 
winch to permit the crane to pass. Two alternative 
positions are provided for the sphere gap 

In the smaller bay of the laboratory there is a further 
800 kV impulse generator, consisting of four 200 kV 
stages and with a total surge energy of 22-4 kilowatt 
seconds. High voltage a.c. testing is catered for by a 
300 kVA 150 kV transformer and a further 30 kV 100 
kVA transformer. A 50 cm sphere gap is used for 
voltage measurement in this part of the laboratory and 
a 100 kV 100 picofarad standard capacitor is available 
for power-factor testing. 

It is frequently necessary to heat the conductor of 
cable assemblies undergoing test, and this is done by 
providing a link between the terminations of the cable 
so that the cable conductor forms part of a closed loop. 
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The complete cable passes through the yoke of suitable 
step-down transformers and a current is induced in the 
cable conductor by this means. A total of 275 kVA, 
controlled by two induction regulators and available at 
five separate points in the laboratory, is used for the 
supply to these heating transformers. 

Thermal resistivity is an important characteristic of 
cable insulation and is measured by passing a constant 
direct current through the cable conductor and making 
careful measurement of temperature drop through the 
insulation. The current supply required for this test 1s 
provided by a motor-generator with a capacity of 
30 kW and a maximum current output of 3000 
amp 

To ensure safety of personnel, an elaborate system of 
interlocking is provided between the control systems 
of the test equipment and the gates and fences of the 
test area. Portable fences are used to surround the 
test assemblies to ensure the maximum flexibility in 
layout of the tests and these fences are coupled by plug 
and socket connexions to one another and to points on 
the wall of the laboratory, so that the breaking of any 
of these plug-in links will automatically remove the 
test voltage. 


ig. 4.—Interior of control room. 


350 MW Turbo-alternators 


for Tilbury B Power Station 


The G.E.C. is to build four 350 MW turbo-alternators for the Central Electricity 
Generating Board, the value of the order being in excess of {8 million. The sets are for 
the installation in the Tilbury B power station, Essex, situated on the north bank of the 
River Thames. 

Each 3000 rev min turbine will be of the tandem compound type having operating 
conditions at the turbine stop valve of 2300 lb/in® and 1050 F, with reheat to 1050 F 
and exhausting at a vacuum of 28°9 in. Hg. Generation will be at 20 kV and the alter- 
nators will have water-cooled stator windings and direct hydrogen-cooled rotor windings. 
The first two turbo-alternators are scheduled for commissioning in 1965 and the remaining 
two in 1966. 
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Corona Discharge Voltage Stabilizers 


By R. O. JENKINS, a.k.c:s., D.LC., PI 
Hirst Research Centre. 


INTRODUCTION. 

T is only relatively recently that the corona type of 
| gas discharge has been applied to voltage stabili- 

zation. For a considerable period now the glow 
discharge stabilizer tube has been a standard com- 
ponent in electronic equipment, and has provided a 
stable reference voltage in a large variety of power 
packs. Such tubes, however, operate at a voltage 
usually in the neighbourhood of 100, and with currents 
in the range of a few mA up to about 100 mA. 











charge avalanche builds up. If the field is increased 
slightly the ionization spreads over the electrode sur- 
face where there is the high field, and appears as a 
faint luminosity. It is this form of the corona dis- 
charge which has the characteristics desirable for 
voltage stabilization. If the discharge current is in- 
creased above a certain value then the streamers begin 
to occur and finally a spark breakdown takes place 
For voltage stabilization it is required that the voltage 
drop across the discharge shall remain sensibly con- 








The corona discharge 


There are various applications nowadays requiring 
stable voltages up to a few kV where the current to be 
supplied is only | mA or less. The glow type of gas 
discharge is clearly not suitable for this type of applica- 
tion, whereas the corona discharge can be made to 
operate in these ranges of voltage and current 


PROPERTIES OF THE CORONA DISCHARGE. 

Most engineers visualize a corona discharge as an 
undesirable phenomenon consisting of luminous dis- 
charge streamers leaving a high-voltage conductor, 
usually from a point or discontinuity. This is, how- 
ever, only one particular form of the corona type dis- 
charge. A corona discharge takes place between two 
electrodes when one of them has a shape which con- 
centrates a high electric field near its surface. If the 
potential difference between the two electrodes is 
sufficient, stray ions already present in the high-field 
region acquire sufficient energy between collisions 
with neutral gas molecules to ionize them, and a 


stant over as large a current range as possible. It is 
found in practice that the best way of achieving this is 
to have a cylindrical cathode with an axial wire anode 
The discharge then has the form shown in fig. 1. The 
main voltage drop is in the ionizing region and is almost 
independent of current. The current actually varies as 
a very high exponent of the voltage drop across the 
ionizing sheath. The outer positive ion region acts as a 
positive impedance, which is usually called the incre- 
mental resistance. For voltage stabilizing this resistance 
should be as low as possible. The resulting current 
voltage characteristic is shown in fig. 2. As the current 
increases the incremental resistance tends to zero 
Streamer formation then begins and the discharge 
suddenly changes to a thin glowing streamer reaching 
between the electrodes with a lower voltage drop than 
the corona discharge 

It is found in practice that hydrogen is the best gas 
to use for the corona stabilizers as its relatively light- 
weight ions are more mobile and this gives a lower 
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incremental resistance. In addition hydrogen supports 
a higher current in the desired discharge mode than any 
of the other gases, some of which form streamers at 
quite low currents. In order to ensure the necessary 
concentration of the field round the anode, its diameter 
must be small compared with that of the cathode and 
is usually about ' - of the latter. 

The voltage of the discharge increases with the 
diameter of the electrodes, and in a given electrode 
system is approximately proportional to the gas 
pressure. It is thus possible to make corona stabilizers 
covering quite a large range of voltage by filling similar 
tubes with different pressures of hydrogen. 


manufacture is therefore to ensure good purity of the 
hydrogen filling. Another important point is that 
hydrogen is very easily absorbed into the tube materials, 
particularly the cathode, during operation The 
cathode must, therefore, be made of a suitable alloy and 
pretreated to reduce this absorption to a minimum 
The tubes are given an ageing process during manu- 
facture, by operating at a fairly high current for about 
100 hours. This stabilizes the gas pressure and the 
voltage to its final value. The resulting stability during 
life for a typical 1 kV SC] tube is illustrated in fig. 4. 
One other feature of interest is the reduction of time 
delays in starting the discharge. It has been seen that 
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G.E.C,. CORONA STABILIZER TUBES. 

The G.E.C. has developed a range of corona tubes 
embodying the general principles just explained. These 
tubes are shown in fig. 3. It will be seen that they have 
cylindrical cathodes with the axial anode wire located 
by ceramic insulators which close the ends of the 
cathode. The types SC] and SC3 are filled with 
various pressures of hydrogen to cover a voltage 
range of 350-2000. The SC3 is intended for portable 
equipment where space is at a premium and the 
operating currents are only of the order of 100 A, 
while the SC1, with a standard B7G valve base, is for 
more general use. A standard range of voltages of 
350 V, 400 V and upwards in 200 V steps is made. The 
SC2 and SC4 types are both mounted on B9A valve 
bases and cover voltage ranges of 2:5-4:5 kV and 5-7 kV 
respectively, the former in 500 V steps and the latter 
in | kV steps. All the tubes can, of course, be specially 
‘ tailor made’ to other voltages within these ranges by 
choosing the appropriate hydrogen filling pressure. 

The voltage for a given current in a particular tube 
is only a function of the hydrogen pressure, providing 
that the hydrogen is pure. One important point in 


the start of the discharge depends on the presence of 
stray ions in the discharge space. These ions are 
formed by cosmic radiation and stray radioactivity, and 
are lost quite quickly by recombination. In low- 
voltage tubes where the unstabilized supply voltage is 
not much above the operating voltage there may be 
considerable delay before the corona discharge can 
form, as the ions are lost before initiating the discharge 
This is avoided in the SCI and SC3 tubes by the 
inclusion of some thorium oxide on the insulators.* 
This compound is slightly radioactive (some orders 
less than the average luminous wrist watch) but pro- 
vides sufficient ions to ensure quick striking of the 
discharge 


METHOD OF USE. 

The tubes are generally used in the simple shunt 
stabilizer circuit shown in fig. 5(a) with its equivalent 
circuit in fig. 5(6). The unstabilized voltage is usually 
arranged to be about 20-50°,, above the tube voltage, 
and the series resistance in the range of 1-10 megohms 
It can easily be shown that the stabilizing ratio 
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obtained, i.e 


dV, 

» S77: 1S approximately equal to where 
dv,» “PE os R 

R is the incremental impedance of the tube. For most 

applications the current through the tube will be of the 


same order as that through the external circuit. 
Variations in the load current can thus be taken up by 
corresponding variations in the tube current. Care 
must, of course, be taken to ensure that the variations 
due to changes in unstabilized supply voltage added to 
those due to changes in load current do not cause the 


rABLE 


Minimum Maximum 
Voltage current peak 
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400 500 
1000 l 650 
2000 900 
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1000 ‘ 500 
2000 650 
2500 2 1750 
3500 1750 
5000 


7000 


Fig 3 - The G E C range 

of corona discharge voltage 

stabilizers Left to right 
$C4, SC2, SCI, SC3 


current through the corona tube to become too small 
or to exceed the maximum stable corona current. 

Typical maximum and minimum currents and 
incremental impedances for various tubes are shown 
in Table 1. The impedances vary with the actual 
operating current, and also depend somewhat on the 
method of measurement, particularly for the high- 
voltage tubes. 

The maximum continuous current of 100 «A for the 
SC3 is to ensure voltage stability during life. The value 
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Maximum Incremental resistance 
continuous in ohms at normal 
current operating point 


15 000 
650 30 000 
900 120 000 
100 25 000 
100 50 000 
100 200 000 
1000 100 000 
1000 130 000 
1000 200 000 


1000 250 000 
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of 1000 »A for the SC2 and SC4 is necessary to avoid 
thermal effects which tend to reduce the peak current 
in the corona discharge mode. From the values shown 
in the table it can be seen that stabilization ratios in the 


range of 10-100 are achievable. A typical example of 


where stabilized supplies of high voltage and low 
current are required. The nucleonic instrumentation 
field was one of the first to adopt them. Geiger 
counters usually operate in the range of 400-2000 volts 
with very low currents and the power supplies for 


Fig. 4.—Variation of voltage during the life of a 1000 volt SC/ tube 


an application is as follows. A 1000 volt stabilized 
supply giving 250 «A load current is required, and 
1500 volts unstabilized is available. Allowing a tube 
current of 250 A, the total current of 500 «A through 
R, causes a 500 volt drop, i.e., R; = 1 megohm. The 
stabilization ratio available, R,/R, in this case is then, 
using the appropriate value of R from Table 1, 
10°—3 104 or 33:1. The ratio achieved with a 
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these often use a corona stabilizer. Scintillation 
counters can also be supplied in a similar manner. 
The supply voltage for high-precision cathode-ray 
tube instruments can also be stabilized by a higher 
voltage corona tube and they have been used in various 
specialized applications. One interesting example is in 
gas chromatography where the components of a gas 
mixture are separated by diffusion through a column. 
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Fig. 5.—(a) Shunt stabilizer circuit. (b) Equivalent circuit 


particular tube depends on the series resistance, which 
can be greater if more excess unstabilized voltage is 
available and must be decreased if the load current is 
greater 


APPLICATION. 
The tubes have been used in a variety of applications 


The arrival of each component at the end of the column 
is detected by a small change in current through a dis- 
charge tube whose supply voltage is stabilized by a 
corona tube. 

The corona stabilizer thus takes its place alongside the 
older glow discharge tube and extends the range of volt- 
age which can be stabilized by the simple shunt circuit. 
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Structural Design and Development 
of Graphite Reactor Cores 


By R. W. BAILEY, B.sc., B.£.(Hons.), Ph.D. and 
H. A. COX, Atomic Energy Division, Erith. 


HE moderator core of each of the nuclear 
generating stations being built by the British 


nuclear consortia consists simply of a mass of 


graphite through which pass channels containing the 
fuel elements and control-rod assemblies. This 
structure is supported on a steel grillage within a 
pressure vessel. The moderator is surrounded by a 
restraint structure, and the main design considerations 
are to ensure continuity of fuel channels and to prevent 
damage to the structure during its operating life. 
Although this core structure is essentially very 
simple, the behaviour of graphite under irradiation is 
not fully predictable and the design can only be 
based on the latest available data. A design that can 
accommodate considerable variation in the physical 
properties of the moderator is therefore desirable. The 
following provides a brief description of the develop- 
ment of the reactor cores for the nuclear power 
stations being built by the G.E.C. and Simon-Carves 


Atomic Energy Group at Hunterston, for the South of 


Scotland Electricity Board, and at Tokai-Mura, for the 
Japan Atomic Power Company. 


DEVELOPMENT OF THE TOKAI CORE. 

The major problem associated with the design of the 
Tokai reactor has been the development of a graphite 
core able to resist the additional loads occurring during 
an earthquake. The effect of an earthquake on any 
structure will depend on the nature and damping 
characteristics of the structure and its foundations, and 
cannot be predicted exactly. In the same way as in 
other earthquake-affected countries, the Japanese 
Building Code specifies that structures shall be 
designed to withstand a horizontal force at any level 
equal to the weight of the structure above that level 
multiplied by a ‘ seismic coefficient’. The magnitude 
of this seismic coefficient is given as 0:2, with a pro- 
vision for increasing the factor by 0-01 for each 4 m 

13 ft) by which the height of the structure exceeds 
16 m (52 ft) above ground level. 

The purpose of the code is to ensure that buildings 
will have adequate strength to limit, although not 
necessarily to prevent, structural damage during a 
strong earthquake. In the case of the reactor core 
structure, because of inaccessibility for repair once the 
reactor has been operated, it is essential that no 
damage should occur that would prevent the function- 
ing of the reactor after an earthquake. Consequently, 
in the design of the core structure a seismic coefficient 


of three times that given by the Japanese Building 
Code was specified. 

This would appear to be a very arbitrary design 
criterion. However, dynamic studies carried out in 
Japan, and studies of historical records of the magni- 
tude of earthquakes and resulting damage to buildings 
that have occurred in this particular locality, have 
shown that these assumptions do form a reasonable 
basis of design. In the design of the core structure it is 
necessary to make provision for the transmission of 
these horizontal forces throughout the core, while at 
the same time allowing free movement of the core to 
accommodate thermal and irradiation effects. The 
magnitude of the problem will be appreciated when it 
is realized that the weight of the core structure is 
approximately 2000 tons, and that the total horizontal 
force which the core structure must be designed to 
carry is of the order of 1300 tons. 

The original proposal for the Tokai core’ was based 
on the design then being used for Hunterston, but with 
a heavy restraint structure to accommodate the earth- 
quake forces. Both designs were based on information 
which indicated that the subjection of graphite to 
irradiation produced dimensional changes in the form 
of growth. This growth was dependent on the direc- 
tion of extrusion of the graphite block, being a maxi- 
mum in the direction perpendicular to the extrusion 
axis, and the structure was so arranged that the growth 
in the radial direction was a minimum. 

The restraint structure of the Tokai design con- 
sisted essentially of a cylindrical network of columns 
with helical bracing. By using stainless-steel columns 
and mild-steel bracing it was possible to choose a 
helix angle such that the radial thermal expansions of 
the restraint structure and graphite tile layers were 
identical. A pre-stress was applied to the structure 
which would then transmit the earthquake loading to 
the supporting grillage by means of the helical bracing. 
Irradiation growth of the tile layers could be accom- 
modated by elastic deformation of the structure. 

The predicted behaviour of this structure be- 
came invalid when further irradiation data indicated 
shrinkage of the graphite following initial growth. 
These data showed that the initial pre-stress between 
bricks would be lost, gaps would open up, and the 
structure would no longer be adequate to resist an 
earthquake. In order to maintain stability in the core 
despite the expected shrinkage of the graphite, a num- 
ber of alternative proposals were investigated, these 
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being based on two distinct principles. 
One proposal was that of the ‘ com- ~_ 

pacted ’ core, in which the core is con- 

solidated, as shrinkage takes place, by 

the application of radial forces at the 

boundaries. In this way gaps between 

bricks are eliminated and the earth- 

quake forces can be transmitted to the 

restraint structure by the induction of 

compressive forces between bricks. 

The model illustrated in fig. 1 shows 

an example of this type of design. Be- 

tween the restraint structure and the 

graphite core are placed tightening 

linkages, uniformly spaced around the 

circumference and operated from out- 

side the biological shield. During 

start-up and shut-down of the reactor 

the linkages are operated automatic- 

ally to allow for different thermal 

expansion and contraction rates be- 

tween graphite and steel. Further 

adjustment is necessary at intervals 

throughout the life of the reactor to 

make allowance for the shrinkage of 

the graphite. Stability is an important 

feature in the design of the mechanism and the tighten- 

ing must be carried out in a preselected sequence. 
The second proposal was that finally adopted. In 

this design, gaps due to Wigner shrinkage and thermal 
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Fig. 2.—Model of a layer of the Tokai core 


contact between bricks is maintained by a radial-key 
system as shown in the model of fig. 2. This structure 
is contained within a steel cylinder, and whereas for 
uniform radial displacements at the boundary (such as 


occur owing to differential temperature effects) the 
assembly operates as a mechanism, during 
horizontal earthquake loading the structure 
is rigid and loads are transmitted between 
blocks by induced shear forces in the keys. 


effects are permitted to open up within the core, but 


POKAI CORE DESIGN. 

The Tokai core (shown in sectional 
elevation in fig. 3) has a nominal overall 
diameter of 43 ft 14 in. and a height of 
26 ft 9 in., including the reflector which is 
2 ft 4 in. thick around the outer edge and 
2 ft 6 in. thick above and below. It is con- 
structed of a continuous system of inter- 
locking bricks, each 34 in. long, of hexa- 
gonal cross-section. Radial keys and key- 
ways are machined on alternate faces of the 
hexagon. Each brick is bored centrally, 
parallel to the extrusion axis, to give on 
assembly 2233 channels, on a triangular 
pitch of 9°3 in., of which 181 are control 
channels and the remainder for fuel. The 
bricks in any one layer are located in posi- 
tion by means of the key-and-keyway 
system, while to maintain continuity of 
channels the bricks across a layer are stag- 
gered slightly, thus locating bricks in 
neighbouring layers. This staggering is 
arranged so that the thermocouple groove 
machined in one of the end faces of each 
core brick is continuous across the core. 

The graphite structure rests on 4 in. 
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Fig. |.—Model of a compacted core design 
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thick plates which, because of the triangular lattice, are 
ef diamond shape. Each support plate locates 49 
bottom-reflector blocks and is supported off the radial 
grillage by four symmetrically spaced jacking screws. 
Differential thermal expansion between support plate 
and grid is provided for by locating one jacking screw, 
and allowing the remainder to slide radially. 

The exact method of locating the bottom reflector 
to the support plates is under revision. It was origin- 
ally intended to spigot the bottom reflector to the 
plates, but if the keys and keyways in these bricks are 
to take their share of the earthquake force they must 
have some degree of freedom in the lateral direction in 
order to take up the machining tolerances between 


keys and keyways. For this reason the possibility of 


mounting the bottom reflector bricks on ball races has 
been investigated. The use of ball races introduces a 
gas-sealing problem at the bottom of the brick, and the 
choice of which method to adopt is between simplicity 
of design with increased loading on the reflector 
bricks or a more complex design with consequent 
mechanical uncertainties. A rebate is machined around 
the periphery of each support plate, allowing mild- 
steel strips to be fitted between adjacent plates to 
prevent by-passing of the fuel channels by the coolant 


gas 

The use of keys and keyways machined along the 
full length of the moderator bricks affords sufficient 
strength to withstand the possible earthquake forces 
In order to provide sufficient rigidity to withstand 


these forces, the restraint structure of the core consists 
of a continuous steel cylinder, welded to the grillage 
Considerations affecting the attachment of the peri- 
pheral bricks to the restraint structure are 
1) An allowance for the differential vertical thermal 
expansion between core and re- 
straint cylinder. 
A flexible connexion such that 
machining clearances between 
bricks can be taken up, thus 
ensuring a more even load distri- 
bution on the keys and keyways 
A rigid attachment would result 
in the taking of most of the load 
by those bricks with minimum 
clearance 
Che attachment (fig. 3) utilizes a 
tapered beam which 1s located centralls 
in each peripheral block by a steel tube 
co-axial with the beam. Each beam is 
connected to stiffening rings in the 
restraint cylinder by means of a double 
eccentric unit which allows axial align- 
ment and positioning of the peripheral 
blocks. ‘This tapered beam is suffici- 
ently flexible to prevent the concentra- 
tion of earthquake forces on any 
particular brick. Differential thermal 
expansion in the axial direction between 
the restraint cylinder and the core is 
allowed by spacing the peripheral bricks 
apart on graphite columns, thereby 


allowing the stiffening ring to move in the space. 

The top of the moderator assembly is covered by a 
layer of charge pots each of which provides a location 
and seal for the selector tube of the charge machine, a 
connexion for the piping of the burst-cartridge detec- 
tion equipment, and a datum which the charge machine 
can use for radius selection. 

Present information shows a large scatter in the 
Wigner shrinkage of specimens irradiated to the same 
dosage and temperature, which could produce varia- 
tion in the height of neighbouring columns of graphite. 
In order to maintain a gas seal between the channel and 
charge machine during refuelling, individual charge 
pots for each channel are used instead of charge pans 
which cover a group of channels. The charge pots are 
interlocked by shear keys, in the same manner as the 
moderator blocks, in order to transmit earthquake 
loads and horizontal forces imposed during the charg- 
ing operation out to the restraint cylinder. 

Coolant gas is prevented from by-passing the core by 
means of two gas seals. One is a semi-toroidal seal 
which is attached to the pressure vessel and grid, and 
the other a plate seal, constructed from segmental 
plates welded to the restraint cylinder and bolted to the 
boundary support plates as shown in fig. 3. 

Access for the removal of debris is obtained by 
omitting the central column of bricks in the core 
design. It has been shown experimentally that the 
omission of this single brick in a layer, or column in a 
group of bricks, has no effect on the stability of the 


core 


DESIGN OF THE HUNTERSTON CORE. 
Ihe original Hunterston core design* comprised an 
assembly of graphite ‘ bricks’ and ‘ tiles’, contained 


-and-tile arrancement for Hunterston 
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by a steel restraint structure. Compensated garters, 
having the same coefficient of thermal expansion as 
graphite, were used to contain the top two layers of the 
core, and the remainder was stabilized by means of 
vertical beams pin-jointed at the grid and to a com- 
pensated garter at the top. 

Under operating conditions this core assembly 
would take the form of a solid top cap of graphite sup- 
ported on free-standing columns of graphite. The 
base of the core was constrained to follow the thermal 
movements of the grillage, resulting in a maximum 
gap between graphite columns of 0-017 in. 


In addition, there is an essential difference between the 
Hunterston and Tokai designs, namely that of earth- 
quake consideration. The bricks that form the Tokai 
core are structural members, whereas the graphite 
assembly of Hunterston has only light pressure loads to 
withstand. For this reason it was possible also to 
retain the brick-and-tile construction for the Hunter- 
ston cores. 

Fig. 4 shows this brick-and-tile arrangement in 
which the radial key-and-keyway feature is applied to 
the tiles only. The tiles are cut with the same grain 
orientation (extrusion axis) as the bricks, and have 


Fig. 5.—Single-layer model for studying boundary reaction under dynamic loading 
Photo by courtesy of the Building Research Institute, Japan 


However, extrapolation of the subsequent irradia- 
tion data over the life of the reactor showed that gaps 
between graphite columns of the order of 0-1 in. could 
occur. The accumulated effect of these gaps would be 
to enable any one column to deflect through a distance 
as much as 2:5 in., which was considered unacceptable 

The redesign of the Hunterston core was aided by 
the experimental work that was being carried out in 
the design of the earthquake-resistant core for the 
Tokai reactor. In modifying the principle of radial 
shear keys, used in the Japanese design, for use in the 
Hunterston core, three problems had to be considered 

1. The Hunterston design was based on the use of a 

square lattice while the Tokai core incorporated 
a triangular lattice 

Ihe whole of the reflector graphite had already 
been machined 

[he side reflector contained a number of irregu- 
larly shaped bricks in which it was difficult to 
apply the principle of radial keys 

Owing to the lower fast-neutron flux, only negli- 
gible Wigner damage is predicted in the side reflector, 
so that location by radial keys could be confined only to 
that part of the reflector composed of square bricks 


eight equi-spaced keyways radial to the centre of each 
tile, with vertical spigots machined on the upper and 
lower faces to locate the bricks. The core assembly is 
made up of alternate layers of bricks and tiles, each 
column being located in position by means of loose 


keys between neighbouring tiles. Relative rotation 
between brick and tile is prevented by extending one 
of the keys into the brick. At particular locations, near 
control-rod and monitoring-specimen channels, it is 
necessary to omit some of the cruciform keys, but it has 
been demonstrated experimentally that this does not 
affect the stability of the core. 

These alterations have not changed the original 
design conception of the core except in the location of 
the bricks in space by the radial-key system. Wigner 
effects merely cause the tiles, and hence the bricks, to 
grow or shrink towards their own centres. The top two 
layers of graphite are maintained in position by the 
compensated garters, which are centralized relative to 
the pressure vessel by a system of anti-rotation 
brackets. The remainder of the core is expanded by 
the thermal movements of the support plates, but 
movement of the graphite columns is restricted by the 
interlocking key system. 
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EXPERIMENTAL INVESTIGATIONS. 

Extensive experimental programmes are being 
carried out in the laboratories of the G.E.C. Atomic 
Energy Division at Erith, and also at the Building 
Research Institute of Japan, in order to prove the 
selected design. Although these studies have been 
mainly concerned with the Tokai core behaviour under 
earthquake conditions, the results have uiso been 
applied to the Hunterston design, and they provide a 
better understanding of core behaviour which can be 
incorporated into future designs. 


STRENGTH TESTS ON INDIVIDUAL BRICKS 

Tests have been carried out in order to find a 
graphite of sufficient strength to provide an adequate 
safety factor against earthquake loading. These tests 
have been on blocks of the same cross-section as in the 
actual core, loaded in a manner to simulate earthquake 
conditions Various graphites, both British and 
Continental, have been investigated and shown to have 
considerable variation in strength. Variations in the 


manner of loading as well as minor changes in shape of 


the brick have been studied. 


DISTRIBUTION OF LOAD THROUGHOUT THE CORE 

Investigations concerned with the distribution of 
load throughout the core, particularly at the boundary, 
have been carried out at both the Erith laboratories and 
at the B.R.I. of Japan. 

The model used in Japan is shown in fig. 5, and 
consisted of an assembly of graphite bricks mounted on 
a vibration table. The model was attached at the 


6.—A single-layer model of the Tokai core under 


boundary to a mild-steel ring by means of cantilevers, 
in a manner similar to that used in the actual core. By 
strain-gauging the cantilevers, the interaction between 
the core and boundary was studied during the imposed 
vibrations. Tests were carried out using cantilevers of 
different stiffness in order to assess the influence on the 
boundary reaction of the rigidity of the attachment of 
the core to the restraint structure. 

A similar investigation, shown in fig. 6, consisted of a 
static test on a quarter-scale model of a layer of the 
core. This model contained the full number of bricks, 
and was used to study the deformation of the core 
under horizontal seismic loading as well as to measure 
the interaction between bricks within the core. 


THREE-DIMENS'ONAL STUDIES. 

The investigations mentioned above have been con- 
cerned with a single layer of the core. The behaviour 
of the full assembly is being studied with the aid of a 
three-dimensional model. 

The model consists of six layers of quarter-scale 
graphite blocks. The restraint cylinder of the actual 
reactor is replaced by a diagonally braced structure 
which allows the load transmitted from each layer of 
the assembly to be measured by strain-gauging the 
diagonals. A shaking table has been specially con- 
structed for this test so that measurements can be 
made under conditions of dynamic loading. The 
model, which weighs nearly 2 tons, can be subjected to 
a lateral acceleration of the order of 4g. 

The main purpose of the investigation is to enable 
a study to be made of the axial distribution of load 

between the core and restraint 
structure, but studies are also 
being made of the behaviour 
of individual bricks under 
dynamic loading conditions. 


THERMAL-CYCLING TEST. 
Under operating conditions 
the movements of the core 
blocks are controlled by the 
steel restraint cylinder. The 
core structure acts as a 
mechanism under uniform 
radial displacements, and to 
demonstrate this operation 
the model shown in fig. 7 was 
constructed. In this model 
the restraint structure was 
represented by a conical shell, 
to which the boundary blocks 
were attached by means of 
rollers running in rails fixed 
to the inside surface of the 
cone. When moved vertic- 
ally the cone imposed a radial 
movement on the boundary 
bricks. Actuation of the cone 
in the vertical direction was 
carried out automatically be- 


static loading tween set limits by hydraulic 
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jacks. This simulated thermal cycling was repeated 
many times without any observable jamming within 
the block assembly. Similar models have been con- 


structed to demonstrate the thermal-cycling behaviour 
of the square-lattice construction used for the Hunter- 


ston core 


FUTURE DESIGNS 
Owing to the possible occurrence of earthquakes, the 
Tokai core 1s a special case However, the basic 
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In the Tokai core, a heavy restraint cylinder is 
necessary to accommodate the high lateral loads. This 
restraint cylinder determines the radial distortion of 
the core, so that with a varying temperature distribu- 
tion up the cylinder some inclination of the bricks from 
the vertical will occur. This would be undesirable if 
an unsleeved fuel element were used, as it would 
increase the chances of gas leakage from the fuel 
channels. Where lateral loadings are unimportant a 
restraint structure consisting of vertical columns con- 


A single-layer model of the Tokai core designed to 
demonstrate the effect of thermal cycling 


principle, that is the fixed location of each brick while 
still allowing free radial movements to accommodate 
thermal and Wigner effects, is a desirable feature in 
view of the still very limited irradiation data on which 
to base designs. It is thus likely to be incorporated in 
future reactors. Lateral forces on the core assembly 
will not normally be large, but may occur, as for 
example owing to pressure in the event of failure of a 
gas duct Ihe large lateral forces arising during 
‘arthquakes necessitated the use of keys and keyways 
along the full length of the bricks in the Tokai core, but 
otherwise economic advantage may be obtained with 
brick-and-tile construction in which only the tle 
layers are interlocked 

lo provide a stable core assembly each brick must 
be located in three or more radial directions. In all 
strength tests on individual bricks failure has occurred 
across the brick cylinder and not in the key There 
seems little reason for having more than three direction 
locations, as the increasing number of keys and key- 
wavs will tend to weaken the brick structure, but this 
may depend on the nature of the lattice 


necting the grillage to either a steel or temperature- 
compensated garter at the top of the core may prove 
preferable 

The development of core designs for graphite- 
moderated reactors is dependent on the graphite 
irradiation tests being carried out principally by the 
United Kingdom Atomic Energy Authority. These are 
essentially of a long-term nature and for any particular 
graphite are subject to extrapolation errors in the early 
stages. The present core design, however, can accom- 
modate large discrepancies in the growth and shrinkage 
data and provide confidence in the future operation of 
these reactors. 
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Development of Guidance Equipment 


tor the Seaslug Missile 


By J. M. C. PINKHAM, o.a., Applied Electronics 
Laboratories, Stanmore 


This article covers the development of guidance equipment for the successful Seaslug 
Mk. I Missile. A Mk. II Seaslug was announced in the Naval Estimates earlier this year, 
and The General Electric Company Ltd. will also be responsible for the development of the 


guidance equipment for this new version 


INTRODUCTION. 

EASLUG is the first anti-aircraft guided missile 
S to be adopted by the Royal Navy. It is being 

fitted to the ‘Hampshire’ class of guided 
weapon ships now being built, which will be used for 
fleet and convoy protection duties. The Mark | 
version of the missile is now undergoing acceptance 
trials in the trials ship, H.M.S. ‘ Girdle Ness’ (fig. 1 
and the first operational ship, H.M.S. ‘ Devonshire ’, 
is due to be completed this year. 


after the boosts have separated the missile is stabilized 
in roll and comes under the control of a beam-riding 
guidance system. A radar on the ship is locked-on to 
the aircraft target, and signals from the guidance 
receiver in the missile are used to direct it to fly along 
the radar #eam. The missile then follows the beam 
until the tagget is intercepted, when the missile fuze 
operates and the warhead is detonated. 

The G.E.C. has been responsible for the develop- 
ment and manufacture of the guidance equipment in 


ie er Se 


Fig. |.—Seaslug missile firing from H.M.S. ‘Girdle Ness.’ 


The missile, which is 20 ft long and 16 in. in 
diameter, with a wingspan of 56 in., is brought by 
automatic handling gear from the ship’s magazine and 
loaded into a launcher which is slaved in direction to 
an auto-follow radar. After launch the missile is 
boosted to supersonic speed by four rocket motors 


which fall away when they have burnt out: the speed of 


the missile is subsequently maintained by a further 
rocket motor which forms part of the main airframe. 
During the boost phase the missile is uncontrolled, but 


the missile, and the work on this, the first missile 
project to be undertaken by the Company, was given 
to the newly-created development establishments at 
Stanmore and at Brown’s Lane, Coventry, which 
became known as the Applied Electronics Laboratories. 
The latter establishment has since been transferred to 
the new laboratories at Portsmouth opened by the 
Minister of Aviation on 21 October, 1960.) A sub- 
sidiary unit of the Applied Electronics Laboratories has 
also been set up at the Weapons Research Establish- 
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ment, Salisbury, South Australia, to support the firing 
trials carried out at the Woomera range. The manu- 
facture of the comparatively large numbers of equip- 
ments required for trials, in which a unit once fired is 
not generally recoverable, was initially undertaken 
at Coventry, but since 1957 they have also been 
made at the Company’s factory at Broad Oak, 
Portsmouth. 

Ihe other principal contractors concerned with the 
missile itself are Sir W. G. Armstrong Whitworth 
Aircraft Ltd. and Sperry Gyroscope Co. Ltd. The 
work has involved close co-operation with many 
branches of the Ministry of Aviation (formerly 
Ministry of Supply), for whom the development was 
undertaken, and with various Admiralty departments, 


particularly the Admiralty Surface Weapons Establish- 
ment (formerly Admiralty Signal and Radar Establish- 


ment), which has been responsible for the design of the 
l'ype 901 ship-borne radar. 

Ihe work on the project has also included the design 
and manufacture of automatic test equipment to be 
used on board ship and in naval supply depots 





EQUIPMENT DESIGN. 


PHE FUNCTION OF 

EQUIPMENT 

The Seaslug missile em- 
ploys cartesian control, that is 
to say it has two sets of wings 
and control fins set at right 
angles (fig. 2), and it is roll- 

stabilized so that one set con- 
trols the up down (pitch) and 
the other the left mght (yaw 
manceuvre of the missile 
Che auto-pilot in the missile 
control equipment, working 
on signals from 
meters and a roll-position gyro, ensures the stable flight 
of the missile, moving the control fins through hydraulic 
actuators. The function of the guidance equipment is 
to provide output voltages corresponding to the 
distance of the missile from the centre of the radar 
beam in the up down and left right directions, and 
these voltages the control equipment interprets as 
demands for accelerations, and hence for fin angles, to 
bring the missile back to the beam centre Ihe 
guidance equipment is therefore part of a servo loop 
containing the radar beam, the guidance equipment 
itself, the control equipment, the fins, and the aero- 
dynamic properties of the missile: in this servo 
loop the error signal is provided by the guidance 
equipment. 

The 901 radar on the ship is an auto-follow conical 
scan radar. In such a radar the aerial radiation pattern 
is off-set from the axis of the radar, and is rotated 
about it, the frequency of rotation being known as the 
spin frequency.' Any object which is within the space 
scanned by the beam, but is not on the axis, will be 
illuminated with a signal of varying strength as the 
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aerial pattern is rotated, and this is greatest when the 
radiation lobe is in the direction of the object’s mis- 
alignment from the axis and least when the lobe is in the 
position 180° away (fig. 3). If, therefore, a signal from 
the radar is received in the missile, the amplitude of the 
spin-frequency modulation on it will indicate the error 
of the missile from the beam, and a signal derived from 
this modulation can be used as the error signal for a 
beam-riding guidance loop. The amplitude of the 
modulation on the received signal is approximately 
proportional to the error of the missile from the beam 
over small angles, but it is proportional to the angular 
misalignment and not to the linear displacement of the 
missile from the beam, which is the quantity required 
in the control of the missile. A multiplying factor pro- 


tor extracts the modulation imposed on the received 
signal by the radar scan, and this is a sine wave the 
amplitude of which represents the angular misalign- 
ment of the missile from the beam. The multiplying 
factor proportional io missile range is provided by a 
potentiometer, known as the range potentiometer, 
which is part of the time and programme unit in the 
missile control equipment. The speed of rotation of 
this potentiometer is chosen to correspond with the 
range performance of the missile, and the error sine 
wave is fed through the range potentiometer before 
being taken to an amplifier. A second demodulator 
extracts the reference signal sent as a modulation of the 
radar transmission and this is amplified and filtered to 
give a reference sine wave 








Fig. 4.—Arrangement of computing ci 


portional to the missile range must therefore be intro- 


duced to convert the error fror angular to linear 
terms 


The amplitude modulation of u.- received signal 


provides in itself information about the magnitude of 


the missile misalignment from the axis only, and 
before the missile can be controlled a further piece of 
information is required to provide a space reference 
from which the direction of the misalignment in the 
up down-left right plane can be deduced. This space 
reference is sent to the missile by modulating the radar 
transmission with a signal derived from the position of 
the radar aerial spinner. By comparison in the receiver 
of the relative phases of the amplitude modulation and 
this reference modulation, the direction of the missile’s 
misalignment from the beam can also be derived. 


OUTLINE ARRANGEMENT 

The guidance equipment in the missile consists of 
two main units, a receiver and an aerial assembly. The 
polar diagram of the rearward-looking aerial is made 
wide enough to allow for variations in missile attitude 
to the line-of-sight from the radar, and the assembly 
includes a controllable ferrite attenuator which is used 
as a protective shutter when the missile is immediately 
in front of the radar just after launch, and subsequently 
forms part of the receiver a.g.c. loop. 

The arrangement of the computing circuits of the 
receiver is shown in fig. 4. The error-signal demodula- 


Ihe error sine wave, now representing linear dis- 
placement of the missile from the beam centre, is fed 
into a phase-sensitive detector with the reference 
signal, and this detector is such that its output repre- 
sents the amplitude of the component of the error sine 
wave which is in quadrature with the reference signal 
At the same time the reference signal is taken to a 90 
phase-shift circuit the output of which is fed, with the 
error sine wave, to a second phase-sensitive detector 
The two detector outputs are voltages representing 
linear missile displacements from the beam in two 
orthogonal directions, and constitute the input signals 
to the missile control equipment. 

A high-pressure gas generator in the missile provides 
the power for the hydraulic system and also drives a 
2400 c/s 115 volt, single-phase turbo-alternator. All 
the h.t. supplies derived in the receiver from this 
primary supply are stabilized, to give protection against 
transients or variations of the supply voltage, and to 
provide the low output impedance necessary to avoid 
interaction between the various signal circuits in the 
receiver. 


EQUIPMENT DEVELOPMENT. 
EARLY MODELS. 

Firing trials of a guidance system cannot be carried 
out until the development of airframe, propulsion and 
control has reached a satisfactory, though not neces- 
sarily a final, stage. It was known that it would take 
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some time to reach this stage on the Seaslug 
missile itself and preliminary work was there- 
fore done on the design of a beam-riding 
guidance receiver (designated LR6) for the 
R.A.E. test vehicle missile RTV1: this was 
completed in 195] Although the missile 
dimensions were not the same as those of Sea- 
slug and the sheet metal construction of the 
units (fig. 5) was not used in subsequent 
receivers, this work provided a most valuable 
introduction to the problems inherent in 
designing and developing missile equipment 

Ihe first Seaslug missile receiver, designated 
[ype I, is shown in fig. 6. This receiver con- 
sisted of three main units, microwave receiver, 
power unit, and circuit unit. The microwave 
receiver and some associated circuits were con- 
tained in a cast box occupying the full cross- 
section of the compartment; the other two units 
were cylindrical with thin removable covers, and were 
sealed at each end by inflatable rubber rings. A fourth 
unit, a thin cylinder lying between the power and 
circuit units, contained the range potentiometer which 
for this design, unlike subsequent ones, was included 
in the guidance equipment 

Equipments of this design were used in early missile 
firings, but the majority of the research and develop- 
ment trials in which the guidance system was proved 
in flight were carried out with the Type II receiver, the 
prototype for the final service equipment. 


Type Il RECEIVER 

Although its electrical design was in some ways 
similar to that of its predecessor, the Type II receiver 
represented a major departure in mechanical design 
from the Type I, and it was contained in one box, both 
the box chassis and the lid being light-alloy castings. 
Ihe microwave receiver and the power pack occupied 
the central well in this chassis, and the valve circuits 
were arranged down each side (fig. 7). Each circuit 
sub-unit consisted of a main board on which were 
mounted the rugged sub-muiniature valves used, 
developed specifically for guided weapons use, and a 
resin-cast block containing the components (fig. 8 
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Fig. 5.—LR6 receiver unit 
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Type | receiver 


The valves fitted into holes in a main web of the chassis 
which formed a cooling block, the valves being held 
secure by corrugated metal cylinders. The miniature 
valves, used as rectifiers and stabilizers in the power 
pack because of the lack of valves of suitable capacity 
in the sub-miniature range, were similarly treated, and 
fitted into bosses on the inner sides of the main webs of 
the chassis. 

The receiver box was pressurized and sealed by a 
rubber gasket round the lid. Connectors on the two 
end faces of the box carried the operational connexions 
to other parts of the missile and the connexions for 
telemetry. The floor of the main box, which was to the 
outside of the missile when the receiver was installed, 
carried test sockets which could be used initially for 
testing the receiver itself, and subsequently for testing 
the receiver in the missile when these sockets were 
made accessible through a removable panel in the 
missile skin 

The receiver was carried in the missile in a compart- 
ment occupying a 120 sector of the missile body, 
between the wings and the ring at the rear of the 
missile which carried the control fins. The outer 
boundary of the compartment was the missile skin 
itself, approximately 16 in. in diameter, and the inner 
boundary a tunnel surrounding the blast tube for the 

sustainer motor which formed the 
central section of the missile airframe 
The overall dimensions of the receiver 
box were approximately 27 in. long by 
11 in. wide by 54 in. deep, and it con- 
tained more than 100 valves and 500 
resistors and capacitors 

Type II receivers were made through- 
out in batches, generally of ten, and 
even in the early stages of development 
modifications were introduced into 
manufacture only at the beginning of a 
new batch. As soon as the design was 
sufficiently well-established, manufac- 
ture of the receivers was transferred 
from the Applied Electronics Labora- 
tories model shop to the factory. 
Although the receivers were being 
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produced for development firings, they were made to 
full manufacturing and testing schedules, and this 
exercise provided most valuable proof that the general 
design was in _ fact satisfactory for large-scale 
production 


Type IV RECEIVER 

The Type IV guidance receiver is the version for the 
acceptance trials and operational Seaslug missiles. It 
is similar in basic principles to the Type II, and bears 
an obvious resemblance to it, but the mechanical and 
electrical details differ to some extent 

Ihe main receiver box is of different design from 
that of the Type II receiver, and the webs carrying the 
valve holes have been made part of the outer walls of 

In this way the box has been made easier to 
particularly as the cooling air ducts are 
by external fins and covering plates and 
tral parts of the casting, and more space 
le available for the circuit sub-units. The 
ceiver has been redesigned and now forms 
init which can be taken out in one piece 

pack has been similarly treated, and the 
for the four main h.t. supplies are mounted 
‘movable chassis. 

Resilient mountings are used, as with the Type II 
receiver, to mitigate the effect of the vibration in 
flight. The rubber mountings employed have a non- 
linear characteristic, stiffening under heavy loads, so 
that for small vibration displacements the resonant 
frequency is kept as low as possible but there 1s never- 
theless no excessive movement with consequent 
bottoming under high linear accelerations, e.g., during 
boost 

Ihe electrical design of the receiver is basically the 
same as that of the earlier versions, although detailed 
modifications and improvements have been made on 
the basis of experience with the Type II, some addi- 
tional facilities have been introduced to meet new 
requirements of the missile system, and semicon- 
ductor rectifiers have been introduced into the power 
supplies 

The Type IV receiver design incorporates printed 
wiring in circuit sub-units and in the main intercon- 


necting cableforms between them (fig. 9 and 10 

Extreme precautions are taken during assembly to 
prevent the entry of any pieces of swarf, wire ends, or 
other conducting particles which might subsequently 
cause a receiver fault. Fig. 11 shows one of the booths 
with protecting screens now being used at the factory 


Fig 


GROUND TESTING. 

Because of the complexity and expense of operating 
missile equipment in its proper environment, that is in 
flight, extensive use must be made of substitute 
ground testing at all stages in the development. In 
such environmental testing, considerable emphasis is 
naturally placed on shock and vibration, which are 
likely to be severe in missile flight. At various times 
this testing will be directed towards one or more of 
three main purposes; proving that a design is satis- 
factory, ensuring that each equipment is correctly 
made of components of the necessary quality, and 

investigating faults which may have 
appeared but not been completely 
identified in flight trials. 

The principal safeguard against 
equipment failure under vibration is 
the avoidance of sharp resonances of 
the main structure or of individual 
components, and in the design of a 
receiver a resonance search is first 
carried out. This is then normally 
followed by a functional test, in 
which the receiver on its mountings 
will be subjected to a range of fre- 
quencies extending beyond | kc's, 
at peak vibration accelerations which 
may at times be greater than 15g. 
The vibration at the higher fre- 
quencies will of course be attenuated 
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Fig. 9.—Type IV receiver 


by the resilient mountings, but at the lower end of the 
band the full vibration amplitudes will be transmitted 
to the receiver itself, and over the resonance of the 
mounts may be magnified several times. These 
vibration tests are carried out by mounting the receiver 
on a jig carried on a moving-coil vibrator. In special 
tests designed to show up any conducting particles 
loose in a receiver or inside the valves, a jig has been 


used in which the receiver can be slowly turned over at 


the same time as it is being vibrated. Although the 
flight time for which missile equipment has to operate 
is short and is measured in minutes, extended vibration 
tests at high amplitudes must also be carried out to 
determine the limit of equipment life, and there must 
be long-duration life tests at the levels experienced in 


s before and after 


normal transport and ship stowage 
conditions. 

There is a very steep rate of rise of 
the initial acceleration of the missile by 
the boost motors, and the perform- 
ance of receivers under impulsive 
shock is therefore examined in drop 
tests. A receiver is mounted in a 
special cradle carrying a } in. dia- 
meter steel spike, and this is dropped 
on to a lead block in which the spike 
embeds itself. The height of the drop 
determines, of course, the magnitude 
of the shock produced. A Type I 
receiver on a drop test cradle is shown 
in fig. 12. Tests of receiver perform- 
ance under sustained acceleration are 
made on a large centrifuge. All the 
normal climatic and storage life tests 
laid down for service equipments are 
also carried out. 


|.—Booth for clean assembly 


In the checks to ensure the correctness of each 
equipment, critical components for receiver manu- 
facture are given full electrical tests on receipt, and 
may in special cases be given mechanical tests as well 
Completed receivers are tested under vibration as part 
of the final assembly and test process, though less 
stringently than in the design tests, and this operation 
is primarily intended to be a quick check of the manu- 
facture and inspection that has preceded it, and to 
reveal any valves which have a high degree of micro- 
phony. 
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Type i receiver on drop test cradle 


SIMULATION. 

Apart from its expense and complexity, a missile 
firing is also unsatisfactory as a scientific experiment 
because the amount of information which can be 
recorded on the behaviour of the equipment flown is 
limited, being generally confined to what can be trans- 
mitted on telemetry senders installed in the missile. 
As much use as possible is therefore made of simulation 
of flights. 

In the simulation work carried out within the Com- 
pany on Seaslug the main concern has naturally been 
the operation of the missile receiver circuits on the 
radar signals received, particularly during the initial 
gathering of the missile. At the end of the boost period, 
during which it is unguided, each missile fired will 
have a certain ballistic dispersion about its line-of- 
launch, and there will be some additional dispersion 
due to the effects of wind, errors in launcher position, 
etc. The first requirement once the guidance system 
becomes effective is therefore to correct the initial 
misalignment of the missile resulting from this dis- 
persion, and to bring it to the centre of the radar beam 
The missile response to misalignments, of which 
gathering is a particular case, must be chosen to give a 
rapid recovery to the beam without involving an 
excessive penalty from induced drag during the man- 
ceuvre, and performance studies on a simulator pro- 
vide much of the data on which such a choice is made. 

Ihe Navy requires a weapon which will be effective 
against aircraft not only at high but also at low alti- 
tudes, where there may be the further complication of 
sigrals reaching the missile receiver after reflection 
from the surface of the sea. Here too the investigation 
of the beam-riding system must largely be carried out 
on a simulator because of the need to check perform- 
ance for widely varying sea states and for all possible 
dispersion conditions. 

When the design of a missile system has been 
established, simulation still has a most important part 
to play. A full evaluation of the performance of a 
missile at all heights and ranges, and for all conditions 
of target approach, would be prohibitive in both time 


and cost if it were to be carried out entirely by missile 
firings. A limited number of firings can be carried out 
for specified conditions of flight and interception, and 
these can be shown to be representative of the results 
obtained for the same conditions on a simulator. The 
full evaluation of missile performance can then be 
carried out on the simulator where statistically signifi- 
cant numbers of runs can be made for each set of 
conditions. In addition it will be possible to simulate 
missile performance for conditions which cannot be 
reproduced at all in firing trials, for example because 
of the limitations in speed and operating height of the 
available drone targets 

Simulation of Seaslug beam-riding guidance pro- 
blems has been carried out on large analogue com- 
puters designed and built at the Stanmore Laboratories. 
The Neptune simulator (fig. 13) was built specifically 
for this work, and was the first to be put into opera- 
tion. It contains approximately 100 computing ampli- 
fiers. The other simulator, Stardac,* was built as a 
general-purpose computer with 200 amplifiers and has 
been used on a number of projects, to which Seaslug 
was added when extra capacity was needed for the 
simulation of low-angle trials (fig. 14). 

Each simulator contains function generators repre- 
senting the radar conical scan, and models of the effects 
of sea reflections. The output from these units repre- 
sents the waveform of the signal which would be 
received by a missile at a given point in space, and is 


Fig. 13.—Neptune simulator 
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used to modulate a signal generator, so that the 
resulting output is the same as the signal which would 
exist in the supposed missile receiver. It is possible to 
include actual missile equipments in the simulation, 
but because of the special power supplies and cooling 
air required, and because of the need to have ready 
access to all circuits so that experimental changes can 
be easily introduced, the receiver generally used is a 


Fig. 14.—Stardac simulator 


special rack-mounted version of the missile equipment, 
operating from the standard 50 c s mains supply. The 
control equipment and the aerodynamic properties of 
the missile are simulated in an analogue fashion, and 
the loop is then closed by feeding back to the beam 
function generator the signals representing missile 


motion and position. The initial conditions of disper- 
sion, missile characteristics, and beam motion are set in 
for each run, and the subsequent simulated flight 
recorded on pen-recorders 

A large part of the simulator work consists of the 
investigation of the effects of proposed changes, and 
the evaluation of overall performance in the way 
described; the study of, sor example, the statistical 
distribution of induced drag in missile gathering may 
involve more than 1000 simulated flights. On other 
occasions, however, an individual firing will be simu 
lated, either to check the correspondence between the 
simulator and reality, or to provide evidence for the 
investigation of apparent peculiarities in the flight per 
formance of a missile. Fig. 15 shows a section of a 
record from such a simulator run, and the equivalent 
record from the actual flight with whic 


compared 


FLIGHT TRIALS. 
Although the development of guided-missile equip 
ment rests heavily on ground testing and on simulation, 


there must still be the final confirmation of operation in 
missile firings. In fact, there are some conditions of 
flight which it is practically impossible to reproduce on 
the ground, for example the aerodynamic forces on the 
control fins of a missile, or the complex environment of 
sustained acceleration and vibration, and however much 
thought has gone to making the tests and the simula- 
tion as realistic as possible some vital characteristic 
may have been overlooked until its 
effect is seen in an actual firing 
When each missile for a trials firing 
is assembled, the receiver is checked 
with the other equipment in the 
round, in particular with the control 
equipment to which it feeds signals 
and with the telemetry senders that 
will transmit back information on what 
happens during flight. The missile is 
then sent to the appropriate firing 
point, the trials ranges at Aberporth on 
the Welsh coast and at Woomera, or 
the trials ship H.M.S. * Girdle Ness 
Ihe missile is again checked before it 
is put onto the launcher, and some 
checking may be carried out in the last 
few minutes before launch to ensure 
that it is fired in a known and working 
condition. This round preparation in 
the factory and at the range is carried 
out by a combined team of staff from 
all the contractors concerned. The 
trials from H.M.S. ‘ Girdle Ness’ 
gave invaluable early experience to 
both the designers and the Navy of the 
particular problems involved in handling missiles on 
board ship, and it was possible in the later stages of the 
firings for naval teams to carry out all the preparation 
themselves. The missiles for the acceptance trials, 
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once delivered by the contractors are, of course, 
handled entirely by naval teams. 

Information relating to the performance of the 
guidance equipment in flight is, in the main, obtained 
from two kinds of instrumentation, dish cameras and 
telemetry. A dish camera is mounted on the radar 
aerial director, and that the camera axis 1s 
accurately aligned with the axis of the radar beam 


flares are fitted to the missile to give better visibility on 


set so 
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the camera films. The dish camera records 
carry timing marks, and from measure- 
ment of the position of the image of the 
missile flares in a camera frame the mis- 
alignment of the missile from the beam at 
that time can be calculated. In order to 
convert the angular misalignment as seen 
on the camera film into the linear displace- 
ment of the missile from the beam, a value 
for missile range must be derived from one 
of the sources of trajectory information, 
generally kinetheodolites or a tracking 
radar. 

[his independent measure of missile 
displacement can then be compared with 
the telemetry record of the receiver out- 
puts. One or more telemetry senders are 
installed in each missile to transmit infor- 
mation to special telemetry receivers and 
recorders on the ground. The guidance 
receiver quantities normally put on tele- 
inetry for such firings include the receiver 
output, the a.g.c. and the h.t. supply 
voltages: a section of a typical telemetry 
record, taken on a multitube recorder, is 
shown in fig. 16. 

The analysis of the trials records for the 
guidance equipment involves principally 

the comparison between the actual outputs recorded 
by telemetry and the outputs expected from the missile 
position measured on the dish camera record. In success- 
ful beam-riding trials the displacements of the missile 
from the beam are comparatively small, and the 
analysis is complicated by the noise introduced by jitter 
of the radar beam, and by the random errors which 
will be present in both sets of readings. Although 
examination of the plotted results, as in fig. 17, will 
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17.—Plot of telemetry and dish camera records 
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give some indication of the receiver perform 
ance, the final assessment must be based on 
considerable computation, generally including 
the calculation of the linear regression between 
the two quantities; in special cases frequency 
analysis of the outputs may be necessary, in- 
volving the use of a digital computer pro- 
grammed to give auto-correlation functions 
If the flight records indicate that a fault 
occurred in the guidance equipment it may 
well not be possible to deduce the basic cause 
of this from the limited information available 
In such a case attempts must be made to 
reproduce the fault in the laboratory, using 
the telemetry information as a starting point 
for the investigation 

Many trials of a beam-riding guidance 
system can be carried out without an aircraft 
target, as the radar aerial can be programmed 
to have the appropriate movement, for 
example for an interception involving gather- 
ing at low angle in the presence of sea reflec- 
tions. Since the provision of a target and its 
control to the flight conditions required for a 
particular trial are an additional complication, 
as much as possible is done in this way. However the 
performance of the missile must ultimately be con- 
firmed with the radar operating against a real target, 
and sufficient target interceptions must be carried out 
to provide the information required for the proving of 
the missile fuze; there must also be some live-warhead 
firings. The drone targets used have wing-tip pods 
carrying cameras to photograph the missile during the 
interception phase, and for trials in Australia, where 
recovery of the missile is possible, a small missile-borne 
single-shot camera developed by the Australian 
Weapons Research Establishment is also sometimes 


Fig. 18.—Missile-borne camera photograph 








used. This can be connected to the missile fuze and 
takes one exposure at the instant the fuze triggers. A 
photograph of a Meteor target aircraft taken by such a 
camera is reproduced in fig. 18 


RELIABILITY INFORMATION. 

A fault data and reliability assessment system has 
been in operation for the Seaslug guidance receiver 
from the introduction of the Type II version. Fault 
reports are made out for every failure, in some cases 
from sub-unit assembly onwards, including, of course, 
failures in flight. A fault report is made out as soon as 
a failure is observed, but since it is essential that the 
basic cause of the fault should be indentified if pos- 
sible, the final sections are not filled in until a complete 
investigation has been made. In addition reports are 
made out for each major movement of an equipment, 
when for example it is installed in a missile, or sent out 
as a spare equipment. The data initially recorded by 
hand on fault and movement reporis is then trans- 
ferred in numerical codes to standard 80-column 
Hollerith punched cards 

The information recorded in this way can be analysed 
using a standard card sorter. Regular summary reports 
are issued listing the faults recorded in each two- 
monthly period, and special analyses of predominant 
faults or of the performance of individual units or 
component types can be made as required. In addition 
a regular short-term report is made on manufacturing 
defects only, and the conclusions from these reports 
are displayed in the factory. 

It is seldom easy, and often impossible, to identify 
the exact cause of a flight failure. Even if it can be 
shown that a failure was due, for example, to a short- 
circuit between the electrode connexions of a valve, it 
is still generally impossible to say with absolute cer- 
tainty whether this short-circuit occurred inside the 





valve or on the external connexions in the sub-unit. 
No precise break-down of flight faults can therefore be 
made similar to that which showed that 40°, of the 
faults recorded in ground testing of the Type II equip- 
ment were due to failures of individual components 
such as valves, resistors, capacitors, etc. It is known, 
however, that the majority of the flight faults of the 
[ype II equipment were due either to one valve type, 
this was confirmed by ground tests), or to the failure 
of a particular circuit. The valve type has been super- 
seded in the Type IV equipment by a more rugged 
version, and the circuits concerned modified; the 
latest information on firings shows that the expected 
improvement in flight reliability is being achieved. 


FEST EQUIPMENT. 

The test gear used for receiver preparation during 
research and development firing trials is operated by 
trained engineers familiar with the guidance equipment 
and with the overall missile system. Detailed checks 
and calibrations of receiver performance are needed to 
ensure that the maximum value is obtained from each 
trial firing, and the test gear must be flexible enough in 
operation to allow for the changes in equipment or in 
performance specification that will occur in the course 
of development. It is therefore similar to laboratory 
test equipment, and must be set up for each test by 
hand; the information on receiver functions 1s presented 
in the normal way on meters and oscilloscopes. 

The requirements of the Navy for the testing of 
missiles in operational use are very different. ‘There 


the prime purpose is simply to ensure that a weapon is 
fit to fire within the tolerances laid down on perform- 
ance: staff highly trained in every detail of the missile 
equipment cannot be made available, nor can a large 
amount of time be devoted to the testing of an indi- 


vidual missile on board ship. The test equipment 
designed and built for naval use has therefore been 
made automatic in operation, and tests on a Go-No-Go 
basis 

Test gear of this kind, known as the Girdle Ness 
rest Equipment (G.T.E.) has been in use throughout 
the research and development firings from the ship, and 
the experience gained has been incorporated into the 
missile test equipments (M.T.E.) that will be fitted in 
the operational ships and the depots supplying them 

The guidance section of G.T.E. consists of two 
main units, the control console and the equipment 
cabinet. The console (fig. 19) allows thes election of 
any of the guidance equipment tests or overall missile 
tests. Each test is separately initiated by the operator 
pressing a button on the control panel: the test is then 
automatically carried out and the result indicated by 
the lighting of a pass or a reject lamp adjacent to the 
press button. For the guidance equipment tests there 
is also a master pass and master reject lamp indication. 

The guidance tests include checks of the power 
supplies, the receiver tuning, the a.g.c. range, and the 
beam-riding outputs for various conditions. After a 


Fig. 20.—G.T.E. sub-unit 


test has been selected, the equipment automatically 
sets up the appropriate input signal and indicates 
whether or not the result is within the specified toler- 
ances. 

This automatic test equipment is necessarily no less 
complex than the missile equipment, and in fact 
contains over 300 valves, and its development has been 
a major project in itself. Each sub-unit is detachable 
on a separate panel for ease of servicing, as shown in 
fig. 20. 


THE FUTURE, 

At the beginning of the development of Seaslug, 
little was known about the form of electronic equip- 
ment suitable for use in missiles. Designs for new 
projects can now, however, be based on experience as 
well as on the latest technical developments. 

Future equipments already envisaged will be largely 
based on the use of transistors, and this together with 
the introduction of printed wiring and more automatic 
methods of assembly will increase the reliability, 
and decrease the weight, the power consumption, and to 
some extent the complexity of the equipments re- 
quired. At the same time there is every confidence, 
both among the manufacturers and the Royal Navy, 
that the Seaslug missiles which they will be using in the 
next years will be among the best weapons they have 
ever had. The number of occasions during the accept- 
ance trials in which rounds without warheads have 
scored direct hits on high-flying and low-flying targets 
and destroyed them provides an adequate commentary 
on the successful development that has gone into the 
guidance system and into the whole of the Seaslug 
weapon. 
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The efficiency of each of these coefficients in detecting 
association between two variables is not in general known, but 
it is Known that none is uniformly better than the others 

It is the purpose of this paper first to propose a general class 
f bivariate distribution functions; secondly, to study how the 
various coefficients of association compare in efficiency with 
each other and with a maximum likelihood estimator of the 
parameter of association; and finally to use the general 
results to determine which are the best coefficients to use in a 
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A rotating shaft-position digitizer is described which uses 
four standard synchro transmitters geared together in 10: 1 
trains. Each transmitter energizes mixing transformers to give 
five outputs which, when phase-consciously detected, provide 
a decimal digital code. Type 3000 relays, operated by the phase- 
conscious detecting circuits, facilitate other forms of coded out 
put and provision is made for freezing this output while the 
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Starting from the accepted theory of four-layer devices, a 
discussion 1s developed of the effects of transverse base 
resistance on three-terminal operation of p-n-p-n switches 
The treatment is then extended to transient response to two- 
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Transistors are limited in voltage and power level and are 
sensitive to temperature variation. Transductors do not have 
these particular limitations and for some applications these 
twe devices have complementary properties so that their 
combination provides advantages over the use of one or the 
other alone. In particular, a transistor control element can be 
incorporated with transductors to provide amplifiers which are 

t limited in output power or voltage. Also, highly efficient 
wer a nplifiers can be formed with circuits analogous to 
those of magnetic amplifiers, but in which the output trans- 
ductor elements are replaced by switching transistors or by 
controlled silicon rectifiers; in these circuits transductors can 
be very suitable as control elements. Especially in con, unction 

ith switching transistors, the useful properties of transductors 
can be exploited to provide small, robust and highly efficient 
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By A. Lindell (Hirst Research Centre). 

L.E.E. Symposium on Electronic Equipment Reliabilit) 
In recent years ‘ reliable” or * rugged’ specifications for 
smiconductor devices have been published and these include 
auses for physical, mechanical and life tests in addition to 
ctrical requirements. It is the purpose of the contribution to 

the quality assured by these specifications (CV7000 
ind to consider their worth 
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STUDIES. 
By J. M. Waldram. 
The Journal of the Association of Public Lighting Engineer 

In the first part of this paper the author traces the conception 
of the mechanism of street lighting and the modifications 
which must be made in design to match the changing pro- 
pertics of the surfaces found on streets today; the second part 
records recent experiments and new ideas of the function and 
mechanism of street lighting as the driver sees it, indicating 
how far we have come and suggesting where we shall have to 
go if we are to meet the needs of traffic today 
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An oscillator is controlled by a phase-locked | 
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spectrum to form an 1.f. in the 900-1000 kc 
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suitable method, the required purity in this signal be 

of the order of 40 dB. The a.p.c. loop will lock when the 1.f 
and the interpolating frequency are the same. In the locked 
condition an additional filter is switched into the Op by 
means of a quadrature phase detector, and this filter - 
the amplitude of spurious frequencies and noise in tl 

The paper discusses factors affecting the resultant pu 
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